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General introduction

Chapter 1: General introduction
An essential task of our brain is to guide interactions with the environment. Manipu­
lations of the environment are ultimately carried 
out via the motor system. Large parts of the brain 
and the spinal cord are involved in the control of 
movement. Even for the simplest of movements, 
an immense amount of computation and interac­
tion between sensory and motor areas of the brain 
precedes and accompanies the eventual activa­
tion of muscles through the spinal motor neurons 
(Dum & Strick, 1996; Hoshi & Tanji, 2007).
Hierarchy in the motor system
Movements can be classified hierarchically, with 
each successive level having a more extensive 
underlying neuronal architecture (Gazzaniga 
et al., 2002). At each level, the muscles are ulti­
mately activated through a common machinery 
of motor neurons in the spinal cord. Yet, the 
way these spinal motor neurons are recruited is 
markedly different between these levels. The most 
elementary movements are involuntary or reflex­
ive movements. Examples are the stretch reflex 
that occurs after tapping the quadriceps tendon 
and the withdrawal reflex after touching a hot ob­
ject. Reflexes are implemented in the spinal cord; 
notwithstanding, they can be influenced volun­
tarily: Although painful, it is nonetheless possible 
to suppress the withdrawal reflex and keep your 
hand above a burning candle. On an intermedi­
ate level are rhythmic or automatic movements 
such as walking and swallowing. In general, such 
rhythmic movements are mediated by central pat­
tern generators in the brain stem and the spinal 
cord (Rossignol, 1996). In principle, these central 
pattern generators can function independently 
and do not strongly rely on sensory information 
or conscious control. Although under normal 
circumstances sensory input is used to adjust for 
changing environmental conditions. The highest 
level of the hierarchy are the voluntary move­
ments. Voluntary movements are controlled by a 
vast network of neuronal systems including large 
parts of the cortex, the brain stem, and the spinal
cord (Dum & Strick, 1996; Dum & Strick, 2005; 
Porter & Lemon, 1993). In addition, subcortical 
areas such as the cerebellum and the basal gan­
glia are involved as feedback or control circuits to 
regulate the motor circuits of the cortex and brain 
stem.
A specialized system for voluntary movements
Humans and other primates have a virtually un­
limited repertoire of voluntary movements, in 
particular with the hands. With our hands we not 
only fulfil basic needs such as eating and drink­
ing, but we also can communicate, play games, 
paint, or control a computer. This wide range, 
skillfulness and flexibility cannot be supplied by 
the spinal reflex circuits or the basic synergies 
responsible for locomotion. A specialized system 
for hand and arm movements has evolved in pri­
mates - including humans (Sherrington, 1906). 
Compared to lower mammals, the motor system 
of primates incorporates an extensive cerebral net­
work that dominates the motor output pathways 
(Porter & Lemon, 1993). Apart from an indirect 
route via interconnections with the basal ganglia, 
cerebellum, and brain stem, the primate motor 
cortex can address the final common path directly 
via the corticospinal tract (Box 1.1). Corticomo- 
toneuronal connections provide a monosynaptic 
link from motor cortex to spinal motor neurons, 
thereby bringing the spinal motor neurons as 
close as a single synapse from the intricate brain 
network. This makes the specialized systems for 
hand and arm movements easily accessible by the 
visual and sensory regions of the cortex which 
most likely facilitates sensorimotor integration.
Motor output areas of the human brain
The output areas of the human motor cortex can 
be divided into one primary motor area and sev­
eral premotor areas; all are extensively connected 
to many other brain areas (Dum & Strick, 2005; 
Dum & Strick, 1996; see also Box 1.1). The pre­
motor cortex receives input from parietal and 
dorsolateral prefrontal cortex, cerebellum, and
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Box 1.1: The human corticospinal system
Central sulcus
Cortical sensory & 
visual systems
Motor cortex
[  Basal ganglia ]
Corticospinal
tract
C Cerebellum J
i
I
Brain stem
Spinal cord 
Muscle
The human corticospinal system consists o f the cortical motor areas, the spinal cord, and the muscles. In 
contrast to the evolutionary older motor systems that project to spinal cord via brainstem circuits, the 
corticospinal system projects to the spinal cord directly. This gives the cortex direct control o f the alpha 
motor neurons that activate the muscles, which is thought to be important for skillful and fine voluntary 
movements. Corticospinal axons cross from one side o f the brain to the other as they pass through the 
brain stem and descend in the contralateral spinal cord. Therefore, the left motor cortex is involved with 
movements of the right side of the body, and vice-versa. A major source o f descending corticospinal tracts 
is the primary motor cortex. The primary motor cortex is a strip o f cortex located in the precentral gyrus, 
just in front of the central sulcus.
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basal ganglia. In addition to the premotor input, 
the primary motor cortex receives input from 
parietal cortex, basal ganglia and cerebellum. All 
premotor areas directly project to the primary mo­
tor cortex and to the spinal cord, and the primary 
motor area directly projects to the spinal cord. 
Traditionally, the role of the primary motor cortex 
in high-order motor processes was regarded as 
rather minor. High-order processes were assumed 
to take place in the premotor regions, with the 
primary motor cortex merely serving to execute 
the “commands” that it received from these areas. 
Currently however, also the primary motor cortex 
is regarded to play an important role in complex 
motor processes such as preparation, learning, 
and simulation of movements (Jeannerod, 2005).
Non-invasive investigation of the 
human motor system
Although it is virtually impossible to measure 
neuronal activity in the human motor system di­
rectly, with electrophysiological techniques such 
as electromyography and electroencephalogra­
phy (EMG and EEG; see Box 1.2) it is relatively 
easy to measure large scale neuronal activity in­
directly and non-invasively. In 1985, Barker and 
colleagues from the University of Sheffield in­
troduced the technique of transcranial magnetic 
stimulation (TMS; Barker et al., 1985; see Box 1.3). 
TMS allows to safely and painlessly activate spe­
cific patches of the human brain - in contrast to 
measuring  techniques such as EMG and EEG. In 
TMS research, excitability refers to the magnitude 
of the response of the stimulated neuronal net­
work to a stimulus of a given intensity (Caramia 
et al., 1989; Rothwell et al., 1991). When TMS is 
applied over the primary motor cortex it directly 
or indirectly excites spinal alpha motor neurons 
via the corticospinal tract, which in turn leads to 
an involuntary contraction of the muscles on the 
opposite side of the body. t t e  magnitude of the 
muscle response to TMS therefore reveals the net 
excitability of the corticospinal system. TMS stud­
ies have provided a wealth of insight on how the
brain controls voluntary movement in health and 
disease (Petersen et al., 2003; Reis et al., 2008).
Defects of motor control
t t e  cortical dominance in the control of move­
ment also has its drawbacks. For example, cortical 
stroke often has severe consequences for mo­
tor capacity. Basic research on cortical motor 
control is therefore not only important to gain 
fundamental knowledge, but it may support the 
development of therapies for patients suffering 
from motor deficits caused by trauma, stroke, or 
progressive diseases such as amyotrophic lateral 
sclerosis and Parkinson’s disease. Fundamental 
research on motor control has already provided 
important insights in how voluntary movements 
are encoded by the brain. Such knowledge has, 
for example, contributed to the development of 
brain-computer interfaces, which enable even 
fully paralyzed patients to make voluntary move­
ments. TMS can be used to pinpoint and perhaps 
facilitate cerebral compensatory strategies that 
the brain employs to counteract loss of function 
during progressive neurodegenerative disorders 
(Ridding & Rothwell, 2007).
Aim and outline of the thesis
The aim of the work described in this thesis is to 
study the neurophysiological activity in the cor­
ticospinal system while healthy human subjects 
prepare or execute voluntary hand movements. 
The experiments reported employed TMS in tasks 
that either emphasized on the preparatory or the 
executory aspects of the performed movements. 
Preparation of voluntary movements was studied 
with two motor tasks that are well known from ex­
perimental psychology: the simple reaction time 
task and the parameter precueing task. In both 
tasks, subjects are required to perform relatively 
simple movements, as quickly and as accurately 
as possible, and they receive prior information 
about certain aspects of the upcoming movement. 
Prior information allows the subjects to speed up 
their reaction by preparing the cued aspects well
13
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Box 1.2: Measuring electrical signals from the motor system
Active cortical neurons and active muscles fibres generate electrical fields. The electrical fields generated 
by single neurons or muscle fibres are very small, but the electrical potentials that result from jo intly active 
neuronal populations or bundles o f muscle fibres are large enough to be recordable from the outside of the 
human body, namely from the skin surface.
Neuronal or muscular tissue
The electrical signal o f neuronal populations in brain that is picked up from the scalp is called the 
electroencephalogram (EEG) . The potential differences measured with EEG are usually around 10-100 |jV. 
The electrical signal from the muscles is called the electromyogram (EMG), and the measured potential 
differences are usually between 50 |jV and 20 mV. EEG and EMG provide a continuous record o f the 
electrical activity and thus have a temporal resolution that is only limited by the technical equipment 
(typically, sampling occurs on a micro- to millisecond basis). However the electrical activity is picked-up 
at distance, with skin and other tissue separating the recording electrodes from the source. Therefore the 
spatial resolution of these techniques is limited. Nevertheless, EEG and EMG have proved to provide an 
important window on cognitive, neuromuscular, and nervous system functions and are widely used in both 
clinical and basic research.
before the movement. The execution of voluntary 
movements was studied by requiring subjects to 
perform sustained and steady isometric contrac­
tions with their hand or finger, as precisely as 
possible. Using TMS in combination with EMG 
and EEG, we examined the extent to which the 
different behavioural states induced by our tasks 
modulated the excitability, the interactions, and 
the output of the corticospinal system. The next 
chapter (Chapter 2) has a methodological empha­
sis and introduces a mapping paradigm based on 
high-density surface EMG paradigm to investi­
gate the spatial selectivity of TMS responses in 
the forearm musculature. The hypothesis was that 
selective stimulation can be improved by a volun­
tary background contraction of the target muscle. 
Chapter 3 focuses on the effects of expectancy dur­
ing the preparation of finger movements. It was 
hypothesized that expectancy of a response signal 
modulates excitability of the corticospinal system 
used in the subsequent movement. Expectancy 
was experimentally modulated using a simple re­
action time task with a variable preparatory delay. 
The effects of expectancy on corticospinal and
14
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Box 1.3: Activating the brain with transcranial magnetic stimulation
Magnetic field
TMS coil
Electric current 
Skull
Transcranial magnetic stimulation (TMS) is a 
neurophysiological technique based on the laws 
of electromagnetic induction. In TMS, a pulsed 
current passes through a conducting coil that 
is held over the subject's head. As the current 
passes through the coil, it generates a magnetic 
field that can penetrate the subject's scalp and 
skull. The rapid change in the magnetic field 
induces a current in the subject's brain which in 
turn activates neuronal elements. Such neuronal 
activation may interfere with ongoing neuronal 
processing, creating a so-called "virtual lesion”.
MEP
A
TMS ! L
10 ms
Although any brain region directly beneath the skull can be influenced by TMS, only stimulation of the motor 
cortex produces a response that can be seen directly, in the form of muscle twitches. When applied over the 
motor cortex, TMS activates the corticospinal neurons, either directly or transsynaptically through cortical 
interneurons. This may cause a synchronized discharge of spinal alpha motor neurons, with a subsequent 
muscle contraction called the motor-evoked potential (MEP) when measured with electromyography (see 
Box 1.2). The amplitude of the MEP reveals important information about the functional state of the motor 
system and now is a standard tool in motor control research.
motor cortex excitability were assessed with single- 
and paired-pulse TMS over the primary motor 
cortex. The aim of the study reported in Chapter 
4 was to find direct neurophysiological evidence 
for the preparation of movement direction in hu­
mans. The subjects in this study performed brisk 
concentric thumb movements in a precued reac­
tion time task. Involuntary thumb movements 
were evoked by single-pulse TMS over the mo­
tor cortex to measure preparatory changes in the 
thumb movement cortical representation and in 
corticospinal excitability. Chapter 5 deals with
the functional role of beta-band (~20 Hz) oscil­
lations that occur in the motor cortex and spinal 
cord during steady-state muscle contractions. It 
is assumed that these neuronal oscillations play 
an important role in neuronal communication. 
TMS, EMG, and EEG were used to test whether 
interactions between neuronal groups in the cor­
ticospinal system depend on the (relative) phase 
of the oscillatory beta-band activity. Finally, the 
main findings are summarized in Chapter 6.
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Muscle imaging: mapping responses to 
transcranial magnetic stimulation with 
high-density surface electromyography
This chapter is based on: 
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to transcranial magnetic stimulation with high-density 
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Chapter 2: Muscle imaging
Representations of different body parts or muscles in the human primary motor cortex overlap extensively. At the effector level, most muscles are surrounded 
by and overlap with several neighbours as well. This hampers assessment of excit­
ability in individual muscles with transcranial magnetic stimulation (TMS), even if 
so-called “focal” stimulating coils are used. Here we used a novel mapping paradigm 
based on high-density surface electromyography (EMG) to investigate the spatial se­
lectivity of TMS in the forearm musculature. In addition, we tested the hypothesis 
that selective stimulation can be improved by a voluntary background contraction 
of the target muscle. We mapped and compared the topographies of motor evoked 
potential (MEP) amplitudes during rest and during background contractions of two 
forearm muscles (extensor carpi radialis and extensor digitorum communis). The 
MEP topographies were also compared to the amplitude topography of voluntary 
EMG. The results indicate that under many conditions a large proportion of the MEP 
activity recorded at the surface originated from the target muscle’s neighbours. There 
was a systematic relation between TMS intensity and the topographic distribution 
of MEP responses during voluntary contraction. With increasing stimulus intensity, 
the MEP topography deviated increasingly more from the topography of voluntary 
EMG. We conclude that when standard EMG montages are used, the recorded MEPs 
are not necessarily evoked in the target muscle alone. Stimulation during a voluntary 
background contraction of the target muscle may enhance the selectivity of TMS. It 
however remains essential to use stimulus intensities as low as possible, to minimize 
the contribution of surrounding non-target muscles to the MEP.
Introduction
Transcranial magnetic stimulation (TMS) is a 
powerful research tool in human motor physiol­
ogy (for a review, see Petersen et al., 2003). TMS 
allows direct and non-invasive perturbation of 
ongoing neuronal activity, in contrast to correla­
tive techniques such as functional MRI or EEG. 
Consequently, TMS can demonstrate the critical 
contribution of certain brain areas to behavioural 
functions. When applied over the motor cortex, 
TMS activates the corticospinal neurons, either 
directly or transsynaptically through cortical in­
terneurons (Rothwell et al., 1991). This may cause 
a synchronized discharge of spinal alpha-mo­
toneurons, with a subsequent muscle contraction 
called the motor evoked potential when measured 
with electromyography (EMG). Numerous experi­
mental studies have used motor evoked potentials 
(MEPs) to probe excitability of the human corti­
cospinal projection in a variety of motor tasks (e.g.
Chen et al., 1998; Leocani et al., 2000; McMillan et 
al., 2006; Stinear et al., 2006).
TMS is often applied with so-called “focal” 
stimulating coils. However, the most frequently 
used focal coil, the “figure-of-eight” coil, still 
stimulates a cortical volume of several cubic cen­
timetres (Barker, 2002). Activation may spread 
to corticospinal cells at even further distance, via 
stimulated cortical interneurons (Rothwell et al., 
1991). In contrast to the traditionally supposed 
discrete homunculus organization of the primary 
motor cortex, cortical representations of different 
body parts or muscles overlap extensively (Dono- 
ghue et al., 1992; Sanes & Schieber, 2001; Schieber, 
2001). Furthermore, most corticospinal neurons 
diverge to a number of spinal motoneurons in­
nervating different muscles (e.g. McKiernan et al., 
1998; Schieber, 2001). In humans for example, vol­
untary finger and wrist movements are associated 
with activity in distributed and largely overlap­
19
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ping territories of primary motor cortex (Sanes et 
al., 1995; Indovina & Sanes, 2001; Hlustik et al., 
2001). Hence, TMS of the primary motor cortex 
undoubtedly activates representations concerning 
several muscles.
Besides the difficulty of selectively stimulating 
the cortical representation of a particular muscle, 
measuring the EMG response of a single muscle 
is troublesome as well. Surface EMG is sensitive 
to crosstalk between neighbouring muscles, i.e. an 
electrode over a particular muscle will also pick 
up electrical activity of nearby muscles. In practice, 
the aforementioned problems are relatively less 
pronounced in intrinsic hand muscles such as the 
first dorsal interosseus, because of their presumed 
strong corticospinal connections in combination 
with a rather isolated anatomical position (Palmer 
& Ashby, 1992; Porter & Lemon, 1993). However, 
many motor control paradigms concern other 
muscle groups, frequently the forearm muscula­
ture (Schmied et al., 2000; e.g. Bonnard et al., 2003; 
McMillan et al., 2004; Schoffelen et al., 2005). In 
studies concerning the forearm, the combination 
of overlapping cortical representations with the 
complex arrangement and overlap of the forearm 
musculature greatly complicates the assessment 
of muscle specific corticospinal excitability using 
TMS. Surface EMG signals measured from the 
wrist extensors for example, might potentially be 
influenced by crosstalk from nearby highly excit­
able finger extensors. This may partly explain why 
in TMS studies involving forearm flexion/exten­
sion movements task related modulation of MEPs 
measured over the wrist extensors can be small 
or absent, while clear modulation is observed in 
MEPs measured over the wrist flexors (Bonnard 
et al., 2003; McMillan et al., 2004).
A slight voluntary background contraction 
may be a means to functionally separate a forearm 
muscle from its neighbours, in order to selectively 
excite it with TMS. It is known that the response 
of a particular muscle to TMS is greatly enhanced 
by contracting it voluntarily (Hess et al., 1987; 
Devanne et al., 1997; Hasegaw et al., 2001). Due
to its enhanced excitability, the activated muscle 
requires a much lower stimulus intensity to evoke 
an MEP, as compared to its less active neighbours. 
Stimulus intensities below the activation thresh­
old of the non-target muscles would then mainly 
evoke MEPs in the target muscle.
With high-density surface EMG (HD-sEMG), 
muscle activity is measured simultaneously with 
a large number of electrodes. The electrodes are 
arranged in a 2-dimensional grid, spaced a few 
millimetres apart (Zwarts & Stegeman, 2003; 
Lapatki et al., 2004). Compared to standard sin­
gle-channel EMG, HD-sEMG not only quantifies 
the temporal but also the spatial characteristics of 
bioelectric muscle activity with high resolution 
(Zwarts & Stegeman, 2003). Here we introduce a 
mapping technique based on HD-sEMG, to inves­
tigate the spatial selectivity of TMS of the forearm 
musculature. In addition, we test the hypothesis 
that selective stimulation can be facilitated by vol­
untary background contraction.
In six healthy human subjects, we measured 
voluntary and TMS-evoked activity in the fore­
arm musculature using HD-sEMG. To examine 
the effect of background contraction on the mus­
cle selectivity of TMS, we mapped the topography 
of MEP distributions during background contrac­
tions of the extensor carpi radialis (ECR; extensor 
of the wrist), during background contractions of 
the extensor digitorum communis (EDC; extensor 
of digits 2-5), and during rest. These topographies 
were also compared to the EMG topography of 
voluntary muscle activity.
Methods
Subjects
Six healthy volunteers (1 female and 5 male), aged 
20-28 years, participated in the experiment. All 
were right-handed and had normal or corrected- 
to-normal vision. Subjects were screened for any 
history of neurological illness or neurosurgery 
and for any metal or electronic implants. All sub­
jects gave written informed consent prior to the 
experiment. The experimental procedures were in
20
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accordance with the guidelines of the local ethics 
committee.
Procedure
Subjects sat in a chair in front of a 15 inch com­
puter screen (distance ~75 cm). Their arms rested 
on the chair’s armrests, in pronated position with 
the elbows flexed to about 90 degrees. The right 
hand was tightly fitted into an isometric dy­
namometer that was mounted onto the chair’s 
armrest. Force was measured using a strain gauge 
force transducer and digitized (1000 samples/sec) 
with custom-made software. At the beginning of 
the session, the dynamometer was calibrated to 
the subject’s maximum voluntary force (Fmax) 
at isometric wrist extension, as well as to Fmax 
at isometric finger extension. For each calibra­
tion, subjects were asked to perform two maximal
voluntary contractions with a one minute pause 
between them. Fmax was defined as the highest 
force of these two attempts. During the task, on­
line force feedback was provided via the computer 
screen.
All subjects were magnetically stimulated (see 
below) under three different conditions: complete 
relaxation, wrist extension at 5% Fmax, and fin­
ger extension at 5% Fmax. Each condition was 
split into four blocks. To prevent muscle fatigue, 
the blocks that required muscle contraction were 
followed by either a rest break or a block of re­
laxation. In every block the TMS intensity was 
first increased in steps of 2%, from 24% to 64% 
of maximum stimulator output (MSO), then de­
creased back to 24% (1 stimulus per step, 5 sec 
interval). This resulted in eight stimuli per inten­
sity, across the four blocks. In total, each subject
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Figure 2.1. A) Photograph of the EMG electrode grid, placed on the right forearm above the extensor carpi 
radialis (ECR) and extensor digitorum communis (EDC). The electrode grid was placed such that its columns were 
aligned parallel to the muscle fibre direction. B) Example of a response to magnetic stimulation in the forearm, 
as measured with the electrode grid. The symbol x  marks the channels that were excluded from the analyses 
due to bad electrode connections.
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received 504 stimuli: 3 conditions x 21 intensities 
x 8 repetitions.
Electromyography
During the task, high-density surface EMG was 
continuously recorded using 120 Ag/AgCl elec­
trodes, arranged in a 15-by-8 rectangular grid 
(56 x 28 mm) with an inter-electrode distance 
of 4 mm (described in detail in Lapatki et al., 
2004). After skin preparation, the flexible elec­
trode grid was placed over the m. extensor carpi 
radialis and m. extensor digitorum communis 
of the right forearm, with its long side parallel to 
the muscle fibre direction (see Figure 2.1A). The 
EMG signals were recorded monopolarly, each 
referred to an electrode positioned on the ole­
cranon. The signals were amplified, anti-aliasing 
filtered, and digitized (resolution 1 |iV/bit, rate 
2048 samples/sec/channel) with an ActiveOne 
multichannel EMG amplifier (BioSemi, Amster­
dam, The Netherlands).
Transcranial Magnetic Stimulation 
TMS was delivered using a Magstim figure-of- 
eight coil (P/N 9925-00; diameter of each wing 
70 mm) connected to a Magstim 200 stimula­
tor (Magstim, Whitland, UK). The coil was held 
tangentially on the left hemiscalp with its handle 
pointing backwards at an angle of about 45 de­
grees from the midsagittal axis. After the EMG 
electrodes were placed, the motor hotspot of the 
right-hand wrist extensor (ECR) was determined. 
The coil was initially placed on the contralateral 
hemiscalp at a position expected to be near the 
ECR hotspot. Next, the initial stimulus intensity 
of 30% MSO was increased in steps of 5% until 
clear MEPs were obtained. At that stimulus inten­
sity (45% MSO on average), the coil was moved 
around in small steps to determine the scalp posi­
tion at which the MEPs in the ECR were largest, 
i.e. the hotspot. This position was marked on the 
subject’s head. The subject’s head was stabilized 
in a headrest, and the coil was fixed above the 
hotspot with a mechanical arm.
Data Processing and Analysis
Data were processed off-line using MATLAB soft­
ware (MathWorks, Natick, USA). EMG data were 
digitally band-pass filtered (10-400 Hz, 4th order 
Butterworth) and segmented into epochs run­
ning from 150 msec before to 45 msec after each 
TMS trigger. For each trial and EMG channel, we 
computed the amplitude of the voluntary muscle 
activity preceding the TMS pulse, as well as the 
MEP amplitude in response to TMS (see Figure 
2.1B). The MEP amplitude was defined as the 
root-mean-square (RMS) of the EMG from 5 to 
45 msec after the TMS trigger. The amplitude of 
voluntary muscle activity was defined by the RMS 
of the EMG epoch 150 to 50 msec before the TMS 
pulse
To determine which electrodes were nearest 
to the muscles bellies of the ECR and the EDC, 
we computed the average RMS amplitude of the 
voluntary muscle activity across all trials for wrist 
extensions and for finger extensions, per subject. 
The electrode nearest to the ECR belly was defined 
as the electrode with the highest average RMS 
amplitude during wrist extensions. The electrode 
nearest to the EDC belly was defined as the elec­
trode with the highest average RMS amplitude 
during finger extensions.
The spatial distributions of the EMG potentials 
across the 15-by-8 electrode grid were quantified 
by their centre of gravity (COG; see Figure 2.2). 
The COG’s ulnar-radial position was defined as
1 8
X =  —  V
M j - i
x
15
V
i=1
Likewise, the COG’s proximal-distal position was 
defined as
m .
j= i
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A wrist extension finger extension
proximal
ulnar radial
distal
RMS in |jV
TMS rest TMS wrist ext. TMS finger ext.
Figure 2.2. A) Single-subject example topographic maps o f (A) EMG amplitude distributions during voluntary 
muscle contractions, and B) motor evoked potential amplitude distributions during rest and during voluntary 
muscle contractions. For graphical representation, the maps were interpolated by a factor 10 but only the 
original values were used for data processing and statistics. The centre of gravity (COG) of each distribution is 
marked with a white dot. The broken lines indicate the area in which the COGs o f Figures 2.3 and 2.4 are plotted. 
The symbols x  mark the area corresponding to the channels that were excluded from the analyses due to bad 
electrode connections.
B
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condition, the COG coordinates were averaged 
across the eight repetitions per stimulus intensity. 
For the ulnar-radial and the proximal-distal po­
sitions, three repeated-measures ANOVAs were 
conducted to compare COGs of: 1) voluntary 
wrist extension vs. voluntary finger extension; 2) 
TMS rest vs. TMS wrist extension vs. TMS finger 
extension; 3) TMS wrist extension vs. voluntary 
wrist extension, and TMS finger extension vs. 
voluntary finger extension. In each ANOVA, stim­
ulator output was included as a covariate. Degrees 
of freedom were adjusted with the Greenhouse- 
Geisser epsilon if the sphericity assumption was 
not met.
Results
Signals from electrodes with bad skin contacts 
were discarded from all analyses. Electrodes with
wrist extension O  
finger extension □  
TMS wrist extension 0  
TMS finger extension ■  
TMS rest ▼
E
E
1 mm
Figure 2.3. Mean centres of gravity (COGs) across subjects (n = 6). Error bars designate the standard error of 
the mean. Black symbols are used for COGs of motor evoked potential distributions, open symbols are used for 
COGs of voluntary EMG distributions. Statistical differences between COGs in the ulnar-radial direction or the 
proximal-distal direction are marked with horizontal or vertical lines, respectively (* for p<.05, *** for p<.001).
Where i is the row index, j the column index, x.J i
the electrode ulnar-radial position (x1 = 1, x2 = 2 
... x 8 = 8), y. the electrode proximal-distal position 
(y1 = 1, y2 = 2 ... y 15 = 15), m „ is the EMG amplitude 
of electrode j  minus the lowest amplitude across 
all ix j  electrodes, and M  is the sum over all 120 
amplitudes mi.
15 r  8
m = x  x
i=1 |_ 7 =1
For the statistical analyses, the obtained COG 
coordinates were divided into five conditions: 
voluntary wrist extension, voluntary finger exten­
sion, TMS during voluntary wrist extension, TMS 
during voluntary finger extension, and TMS dur­
ing complete muscle relaxation (i.e. rest). In each
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bad skin contacts were identified by off-line visual 
inspection of the signals. A bad skin contact can 
be recognized unambiguously by a signal that 
distinctly deviates from the signals of its next 
neighbours. Signals from well connected neigh­
bouring electrodes only show gradual differences 
(e.g. Figure 2.1B). On average 5-6 electrodes were 
discarded per subject. Mostly these electrodes 
were located at the corners of the electrode grid.
During rest, the average (± std) RMS ampli­
tudes above the muscle bellies of the ECR and 
the EDC were, respectively, 3 (2) |iV and 3 (1) |iV. 
During wrist extension, the RMS amplitude above 
the ECR was 93 (32) |iV; the RMS amplitude 
above the EDC was 61 (21) |iV. During finger ex­
tension the RMS amplitude above the ECR was
123 (47) |iV; the RMS amplitude above the EDC 
was 140 (56) |iV. Paired t-tests showed that ECR 
activity during finger extension, as well as EDC 
activity during wrist extension were both larger 
than during rest [t(5)=6.08 and t(5)=6.55, both 
p<.005]. Importantly, during wrist extensions 
there was more EMG activity over the ECR- 
belly than over the EDC-belly [t(5)=4.39, p<.01], 
whereas during finger extensions there was more 
activity over the EDC-belly than over the ECR- 
belly [t(5)=2.84, p<.05].
Comparison of the COGs of voluntary activ­
ity showed that the two extension tasks resulted 
in significantly different EMG distributions. The 
COGs of wrist extensions were more radial and 
more distal than the COGs of finger extensions
wrist extension +  
finger extension x  
TMS wrist extension £  
TMS finger extension ■
stimulus intensity 
— 64%
24%
E
E
1 mm
Figure 2.4. Mean centres of gravity (COGs) across subjects (n = 6) o f motor evoked potential distributions, as 
a function of magnetic stimulus intensity (in % of maximum stimulator output). COGs in the wrist extension 
condition are plotted as circles, COGs in the finger extension condition as squares. The stimulus intensity is 
coded in shades of grey. For reference, the mean COGs o f voluntary wrist extension (+) and voluntary finger 
extension (x) are also plotted (cf. Figure 3). With increasing stimulus intensity the COGs during wrist extension 
progressively move in the radial-to-ulnar direction, whereas the COGs during finger extension progressively 
move in the proximal-to-distal direction.
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[F(1,124)=21.07, p<.001 and F(1,124)=6.41, p<.05, 
respectively] (see Figure 2.3). Thus, the topogra­
phy of wrist extensor EMG could be discerned 
from the topography of finger extensor EMG us­
ing the COG.
We then compared the COGs of the EMG 
distributions between the voluntary wrist ex­
tension, the voluntary finger extension and the 
TMS during rest conditions. The analysis re­
vealed a significant main effect of condition on 
the ulnar-radial position of the COG, whereas 
the proximal-distal position did not differ be­
tween conditions [F(1,124)=12.61, p<0.001 and 
F(2,207)=2.50, p=.1, respectively]. Planned con­
trasts showed that the COGs of voluntary wrist 
extensions were located significantly more ra­
dial than the COGs of the TMS responses during 
rest [F(1,124)=35.67, p<0.001] (see Figure 2.3). 
There was no effect of stimulus intensity on COG 
position [ulnar-radial, F(1,163)=0.32, p>.1; proxi­
mal-distal, F(2,207)=0.43, p>.1]
To assess whether the voluntary muscle 
contractions specifically facilitated the TMS re­
sponses in the target muscle, we compared the 
COGs between the voluntary wrist extension and 
the TMS during wrist extension conditions, and 
similarly compared the COGs between voluntary 
finger extension and TMS during finger extension. 
The analysis revealed significant main effects of 
condition, for both the ulnar-radial and the prox­
imal-distal COG components [F(1,174)=10.18, 
p<.001 and F(1,170)=7.02, p<.01, respectively]. 
Furthermore, there was a significant condition x 
stimulus intensity interaction, for both compo­
nents [F(1,174)=15.16, p<.001 and F(1,170)=4.10, 
p<0.05, respectively for ulnar-radial and proxi­
mal-distal]. Planned contrasts showed that the 
average ulnar-radial positions differed significant­
ly between the COGs of TMS responses during 
wrist extension and COGs from the voluntary 
wrist extension [F(1,124)=16.18, p<.001] (see 
Figure 2.3). Investigation of the condition x stim­
ulus intensity interaction using planned contrasts 
pointed out that the ulnar-radial COG position of
TMS responses during wrist extension strongly de­
pended on the stimulus intensity [F(1,124)=89.28, 
p<.001]. Conversely, the proximal-distal COG 
position in this condition was independent of 
stimulus intensity [F(1,124)=0.35, p>.1]. The re­
verse pattern was found for the COGs of TMS 
responses during finger extension. The ulnar-ra­
dial position of these COGs was independent of 
stimulus intensity [F(1,124)=0.83, p>.1], whereas 
the proximal-distal position significantly varied 
with stimulus intensity [F(1,124)=12.27, p<.01].
These opposing effects are further illustrated 
in Figure 2.4. For lower stimulus intensities the 
COGs in both TMS conditions are located closely 
to the COG of the voluntary EMG distributions. 
As the stimulus intensity increases, the COG in 
the wrist extension condition progressively shifts 
in the ulnar direction with little change in its 
proximal-distant position, whereas the COG in 
the finger extension condition progressively shifts 
in the distal direction with little change in its ul­
nar-radial position.
Discussion
In the present study we examined to what de­
gree a forearm muscle can be activated by TMS 
without also stimulating surrounding muscles, 
and whether muscle selective stimulation can be 
enhanced by voluntary background contraction. 
We addressed these questions with a novel TMS 
mapping technique based on HD-sEMG. The 
results indicate that even when the motor cortex 
is stimulated at the optimal position for evoking 
responses in a target forearm muscle using a fo­
cal figure-of-eight coil, under many conditions a 
large proportion of the MEP activity recorded at 
the surface originates from surrounding muscles.
During rest, TMS on the hotspot of the ECR 
resulted in topographic MEP distributions that 
clearly differed from EMG distributions during 
a voluntary contraction of the ECR. Moreover, 
the topography of MEPs induced during rest 
was not significantly different from the topog­
raphy of voluntary contraction of the EDC. This
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can be explained by the combination of two re­
ported properties of the human corticospinal 
system. First, the extensive overlap between the 
cortical territories of wrist and finger representa­
tions (Sanes et al., 1995; Indovina & Sanes, 2001). 
Second, the lower excitability threshold of mus­
cles controlling the fingers, as compared to other 
forearm muscles, due to their stronger and more 
intricate corticospinal projections (Palmer & 
Ashby, 1992; Porter & Lemon, 1993). Nonethe­
less, MEPs were measured not only on electrodes 
in the vicinity of the EDC, but also on electrodes 
located above the ECR. It cannot be ruled out that, 
through volume conduction, a significant part of 
the potentials picked up with electrodes above the 
ECR came from sources in the EDC, or even from 
muscles further away.
During the wrist extensions and during the 
finger extensions the neighbouring non-target 
muscles were active as well, but to a significantly 
lesser extent than the target muscles. This con­
firms the biomechanical coupling and overlapping 
cortical representations of these muscles.
Contrary to our expectation, even when the 
excitability of the ECR was facilitated by a vol­
untary background contraction, the difference 
between TMS-evoked activity and voluntary 
activity largely remained. Crucially, there was a 
systematic relation between TMS intensity and 
the topographic distribution of MEP responses 
during voluntary contraction. With increasing 
stimulus intensity, the MEP topography deviated 
more and more from the topography of voluntary 
contractions, as reflected by the increasing differ­
ences between the COGs (Figure 2.4). The COG 
of the MEPs during wrist extension shifted in the 
radial-to-ulnar direction, whereas, the COG of 
the MEPs during finger extension shifted in the 
proximal-to-distal direction. Although the direc­
tions were very different for the two conditions, 
the COGs moved from their respective origins 
towards some common position. Possibly, the 
higher stimulus intensities evoked large MEPs in 
the highly excitable abductor pollicis longus or ex­
tensor indices proprius. These muscles are located 
in the forearm but govern complex finger move­
ments. With increasing stimulus intensity, MEPs 
from these muscles contribute to the surface to­
pography of the EMG, progressively shifting the 
COG in distal direction (Figure 2.4). These find­
ings suggest that to obtain optimal selectivity in 
TMS experiments, it is important to use the lowest 
possible stimulus intensity.
In the present experiment we used the Magstim 
70-mm figure-of-eight coil, because currently this 
is the most commonly used coil for focal stimula­
tion. The 90% contour of the electric field from 
this coil has an estimated diameter of about 25 
mm (Thielscher & Kammer, 2004). In the primary 
motor cortex an electric field of such extent would 
still affect overlapping and shared representations 
of several finger- and wrist movements or mus­
cles (Indovina and Sanes, 2001; Sanes et al., 1995). 
Smaller stimulating coils or novel coil designs 
may further improve the focality of the induced 
electric field.
The TMS mapping technique that we have 
introduced here may be seen as the converse of 
the traditional TMS mapping paradigms where 
muscle responses from a single EMG channel 
are mapped against the stimulation position on 
the scalp (Pascual-Leone et al., 1995; Classen et 
al., 1998; Thickbroom et al., 1999). Where these 
classical mapping techniques address the conver­
gence of corticospinal projections from multiple 
cortical stimulation sites to a single muscle of 
interest, “muscle imaging” as we applied here as­
sesses the divergence of projections from a single 
cortical stimulation site to multiple neighbouring 
muscles. The classical TMS mapping approach 
has been used in a range of studies to demonstrate 
changes in the organization of the human motor 
cortex, for example after learning (Pascual-Leone 
et al., 1994; Pascual-Leone et al., 1995). It would 
be interesting to test if HD-sEMG mapping can be 
applied similarly to study plasticity in the diver­
gence of corticospinal projections.
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As in EEG, the spatial distribution of the 
EMG amplitudes reflects the neurophysiological 
activity in the underlying sources. Apart from 
qualitative comparisons using topographic colour 
maps, we needed a method to compare topogra­
phies quantitatively. Although measures based on 
correlation can be used to assess the similarity be­
tween topographies (e.g. Holtermann et al., 2005), 
they do not allow any anatomical interpretation. 
We followed the earlier TMS mapping studies 
that used COGs to statistically compare stimula­
tion site topographies (Wassermann et al., 1992; 
Classen et al., 1998; Cohen et al., 1998; Gentner 
& Classen, 2006). COG analysis has recently also 
been used on voluntary HD-sEMG to indicate 
changes in motor-unit recruitment (Kleine, 2001; 
Farina et al., 2006). All spatial information from 
an amplitude distribution is collapsed into a sin­
gle 2-dimensional COG coordinate, which makes 
statistical comparison possible while retaining 
anatomical information. One might suppose that 
the COG should be positioned on or near the loca­
tion of the maximum of the EMG distribution. As 
opposed to the maximum however, the COG con­
tains information from all the electrodes. Changes 
in COG positions are proportionally small but 
systematically reflect changes in topography. For 
instance, if the maximum moves from the cen­
tre of the grid to its very edge, the COG will only 
move a few millimetres towards that edge.
In conclusion, our data clearly indicate that 
when MEPs are measured with standard EMG 
montages (i.e. “belly-tendon”), the recorded poten­
tials are not necessarily evoked in the underlying 
muscle alone. A large proportion of the potentials 
may result from activity in neighbouring muscles 
picked up through volume conduction. The re­
sults also point to a possible work-around, namely 
to lower the target muscle’s stimulation threshold 
by a voluntary background contraction, so that 
MEPs can be induced at relatively low intensities. 
This increases the muscle-selectivity of the TMS 
responses. However, even with a facilitatory back­
ground contraction the surrounding non-target
muscles, may largely contribute to the MEP due to 
co-contraction, so it remains crucial to use stimu­
lus intensities as low as possible.
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Chapter 3: Expectancy induces dynamic modulation of corticospinal excitability
Behavioral studies using motor preparation paradigms have revealed that increased expectancy of a response signal shortens reaction times. Neurophysio- 
logical data suggest that in such paradigms not only reaction time, but also neuronal 
activity in the motor structures involved is modulated by expectancy of behaviorally 
relevant events. Here, we directly tested whether expectancy of a response signal 
modulates excitability of the corticospinal system used in the subsequent movement. 
We combined single- and paired-pulse transcranial magnetic stimulation (TMS) over 
the primary motor cortex with a simple reaction-time task with variable prepara­
tory delays. We found that, in line with typical behavioral observations, the subjects’ 
reaction times decreased with increasing response signal expectancy. TMS results 
revealed a modulation of corticospinal excitability in correspondence with response 
signal expectancy. Besides an increased excitability over the time-course of the pre­
paratory delay, corticospinal excitability transiently increased whenever a response 
signal was expected. Paired-pulse TMS showed that this modulation is unlikely to 
be mediated by excitability changes in interneuronal inhibitory or facilitatory net­
works in the primary motor cortex. Changes in corticospinal synchronization or 
other mechanisms involving spinal circuits are candidates mediating the modulation 
of corticospinal excitability by expectancy.
Introduction
Studies in both human and animal subjects have 
shown that cognitive factors influence neuronal 
information processing at several levels in the mo­
tor system, including the primary motor cortex 
(Georgopoulos, 2000) and the spinal cord (Bizzi et 
al., 2000). Preparation paradigms have been used 
extensively to study cognitive motor processes 
separately from the actual motor execution (for 
reviews see: Requin et al., 1991; Riehle, 2005). A 
well studied preparation paradigm is the simple 
reaction-time task. In that task, two successive 
signals are presented to the subject: a preparatory 
signal, followed by a response signal (RS) that gives 
an instruction to move. The interval between the 
two signals is called the preparatory delay. Many 
behavioral studies have shown convincingly that 
increased expectancy of an RS raises the subject’s 
readiness-to-respond, as is reflected in shortened 
reaction times (Luce, 1986; Requin et al., 1991; 
Niemi & Naatanen, 1981; see, for example: Gordon, 
1967; Naatanen, 1972). Simple reaction-time tasks 
with variable preparatory delays are very effective 
to experimentally manipulate RS expectancy (and
therefore readiness-to-respond), namely via the 
conditional probability of the RS. The conditional 
probability of an event is the probability that this 
event will occur at a certain point in time, given 
that it has not occurred yet.
Several neurophysiological studies have used 
simple reaction-time tasks with variable prepara­
tory delays to investigate effects of RS expectancy 
in the motor system. From research on non-hu­
man primates we have learned that both firing rate 
and synchronization between cortical neurons are 
strongly influenced by the probability that an RS 
will occur (Janssen & Shadlen, 2005; Riehle et al., 
1997). Furthermore, it has recently been demon­
strated in humans that the strength of oscillatory 
synchronization between motor cortex and spinal 
cord neurons, in the gamma frequency range (40 
to 70 Hz), is closely correlated with RS expectancy 
(Schoffelen et al., 2005). Increasing RS probabil­
ity also increases the amplitude of the contingent 
negative variation (CNV), a cortical potential as­
sociated with motor preparation (Trillenberg et 
al., 2000). Negative cortical potentials have been 
claimed to result from excitatory postsynaptic
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potentials at the apical dendrites of pyramidal 
neurons (Birbaumer et al., 1990; Brunia, 1993), 
which would imply that RS expectancy increases 
excitability of cortical motor areas. Together these 
data, obtained with diverse neurophysiological 
techniques, strongly suggest that expectancy of an 
RS modulates excitability of motor structures that 
are used in an upcoming movement. We therefore 
hypothesize that during movement preparation, 
excitability of the prime mover cortical represen­
tation adapts dynamically to the probability of an 
expected RS.
In humans, the main technique to probe directly 
and non-invasively excitability of the corticospinal 
system is single-pulse transcranial magnetic stim­
ulation (TMS). The ability of single-pulse TMS to 
measure modulation of corticospinal excitability 
has been put to use in a large number of reaction 
time studies. For example, shortly after an RS is 
given, corticospinal excitability rapidly increases, 
starting about 100 ms before the voluntary muscle 
response (Rossini et al., 1988; Chen et al., 1998b; 
Leocani et al., 2000; Yamanaka et al., 2002).
Paired-pulse TMS is often used as a comple­
mentary technique to single-pulse TMS. In 
paired-pulse TMS, a subthreshold conditioning 
pulse is followed by a suprathreshold test pulse. 
Depending on the interval between the condi­
tioning and test pulse, the efficacy of the test pulse 
is either suppressed or facilitated. Typically, the 
muscle response to the test pulse is inhibited if 
intervals of 1-5 ms are used, whereas intervals 
of 10-15 ms are facilitatory (Kujirai et al., 1993; 
Chen et al., 1998a; Ziemann et al., 1996). Further­
more, as this modulation takes place at a cortical 
rather than at a spinal level (Kujirai et al., 1993; 
Ziemann et al., 1996), the paired-pulse technique 
can be used to further specify the mechanisms 
underlying excitability changes measured with 
single-pulse TMS.
Here, we investigated whether corticospinal 
excitability is modulated by expectancy of an 
RS. Therefore, we combined the variable delay 
paradigm (Requin et al., 1991; Riehle et al., 1997;
Trillenberg et al., 2000) with direct measurements 
of corticospinal excitability by means of single- 
and paired-pulse TMS over the primary motor 
cortex.
Methods
Experiment 1
In the first experiment we used single-pulse TMS 
to investigate the effects of RS expectancy on the 
dynamics of corticospinal excitability during a 
variable delay simple-reaction task.
Subjects
Nine healthy volunteers (8 females and 1 male), 
aged 19-29 years (mean=22.7) participated in the 
experiment. All were right-handed, with a mean 
handedness score of 94 (SD=9), according to 
the Oldfield questionnaire (Oldfield, 1971), and 
had normal or corrected-to-normal visual acuity. 
Subjects were screened for any history of neuro­
logical illness or neurosurgery, and for any metal 
or electronic implants. All subjects gave written 
informed consent prior to the experiment. All ex­
perimental procedures were approved by the local 
ethics committee and in accordance with the Dec­
laration of Helsinki.
Procedure and Task
The experimental task was a simple abduction 
of the index finger. Four preparatory delays and 
catch trials were presented in random order with 
equal a priori probability, but with an increasing 
conditional probability. As a consequence, there 
were four moments within each trial, indicated on 
the computer screen, where the subject could ex­
pect an instruction to move. Hence, the subjects 
were able to accurately anticipate the increasingly 
probable RS, but they were not certain whether an 
RS would occur after one of the delays or not at 
all.
The experiment was controlled by stimulus 
software written in MATLAB (The MathWorks 
Inc, Natick MA, USA) using the Psychophysics 
Toolbox (Brainard, 1997), running on a Pentium-
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III class PC. The subject sat in a chair in front of 
a 15 inch computer screen (distance ~75 cm). A 
custom built isometric force meter (Zijdewind & 
Kernell, 1994) was placed on the armrests of the 
chair. Both hands lay in pronated position with 
the elbow flexed to about 90 degrees. The right- 
hand index finger was placed inside the force 
meter. At the beginning of the session, the force 
meter was calibrated to the subject’s maximum 
voluntary force at isometric abduction of the right 
index finger. Force was digitized (1000 samples/s) 
using an isometric strain gauge force transducer 
and fed back to the stimulus software.
During the task, online feedback of time and 
force was provided via a cursor on the computer 
screen. A cartoon of a fish was used as the force/ 
time cursor (for details, see Figure 3.1 and its leg­
end). At the beginning of each trial, the subject 
was required to completely relax his or her hand 
muscles. When force had been at resting level for 
two consecutive seconds the cursor started mov­
ing. The onset of horizontal cursor movement 
indicated the beginning of preparatory delay and 
will from here be referred to as the preparatory
signal (PS). PS-RS delays of 1000, 1500, 2000, or 
2500 ms were randomly intermixed, with prob­
abilities of 1/5 each, corresponding to a total of 
36 trials per RS delay. In the remaining 1/5 of 
trials the PS was not followed by an RS (catch 
trials). Time-courses of all trial types used in the 
experiment are depicted schematically in Figure 
3.2A. If the subject made an error, online feedback 
was provided at the end of the trial to encourage 
optimal performance. Possible errors were: false 
alarms, unlikely fast responses (<80 ms), too slow 
responses (>600 ms), failure to maintain force at 
resting level until RS onset, or failure to reach the 
required force level during the response.
In 2/3 of the trials, a single TMS pulse was ap­
plied within the preparatory delay. Trials with or 
without TMS were presented in random order. 
The magnetic stimulus was given: a) just before 
one of the moments were an RS could occur (980, 
1480, 1980, or 2480 ms after the PS), or b) just be­
fore the midpoint between two moments where 
an RS could occur (1230, 1730, or 2230 ms after 
the PS), or c) well before any RS could occur (730 
ms after the PS). Stimulation times were chosen
Figure 3.1. Schematic of the 
stimulus display during one 
of the trials o f the experiment. 
The vertical position of the 
fish depended on the force 
applied to the force meter, with 
4.2 cm (visual angle of ~3.2 
degrees) corresponding to 
20% of the subject's maximum 
force. The horizontal position 
was determined by the time 
point within the trial: The fish 
moved horizontally w ith a 
velocity o f 4.4 cm per second 
(~3 degrees/s). In addition to 
feedback of force and time via 
the cursor, required force levels 
and possible delay deadlines 
were marked. Vertical markers 
indicated the four possible
delays. Approach o f the fish to a marker thus corresponded to the approach of a possible deadline. A cartoon of 
a monster was used as the RS. The monster could appear only at the position of one of the vertical markers, just 
below the current position of the fish. The subject was instructed to avoid the monster and to move the fish, as 
quickly as possible, into the upper area of the screen, which had a distinct background color. In order to move 
the fish into that area, subjects needed to abduct their index finger to at least 20% of their maximum force.
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pseudo-randomly such that TMS always preceded 
the RS. Over the entire experiment, 15 TMS puls­
es were given at each stimulation time. Subjects 
were asked to ignore the possible interference of 
TMS on task performance as much as they could.
The experiment consisted of six blocks of 30 
trials. The first two trials of each block were con­
sidered warm-up trials and were excluded from 
the analysis. Between two successive blocks there 
were a few minutes of rest. During a rest break the 
mean reaction times (RTs) of all completed blocks 
were shown on the computer screen and the in­
vestigator encouraged subjects to improve their 
RT in upcoming blocks. In addition, the subject 
was notified by the investigator if too much mus­
cle activity was observed in the trial phases that 
required muscle relaxation.
Prior to the experimental session all subjects 
completed a training session. The training session 
was equivalent to the experimental session, except 
that in the training session no TMS was applied 
and that auditory feedback of the electromyogram 
(EMG) was provided to the subjects. The EMG 
feedback was given to assist in practicing muscle 
relaxation. In addition, at the end of the training 
session, subjects who were naive to TMS were 
familiarized with the technique. The training ses­
sion and the experimental session took about two 
hours each and were conducted on separate days.
Electromyography
EMG was recorded using 10-mm diameter 
Ag-AgCl self-adhesive surface electrodes (Ken- 
dall-LTP, Chicopee MA, USA). Electrodes were 
placed on the first dorsal interosseus (FDI) of the 
right hand in a “belly-tendon” arrangement, fol­
lowing standard skin preparation. The signal was 
continuously monitored, amplified (ActiveOne 
amplifier, BioSemi, Amsterdam, The Netherlands), 
bandpass filtered (10-500 Hz), digitized (2048 
samples/s), and stored for offline analysis, using 
MyoDAQ software (Blok et al., 2002).
Transcranial Magnetic Stimulation 
Subjects wore a tightly fitting Lycra swimming 
cap. To attenuate the clicking sound associated 
with the magnetic stimulation, the subjects wore 
earplugs. TMS was delivered using a figure-of- 
eight shaped coil (diameter 70 mm), connected 
to a Magstim 200 stimulator (Magstim Company, 
Whitland, UK). The coil was held tangentially on 
the left hemiscalp with its handle pointing back­
wards at an angle of about 45 degrees from the 
midsagital axis.
At the beginning of the experimental session, 
the motor hotspot and resting motor threshold 
of the right-hand FDI were determined for each 
subject. Surface markings were drawn onto the 
swimming cap to serve as reference points against 
which the coil was positioned. The motor hotspot 
was defined as the position at which the ampli­
tude of motor-evoked potentials (MEP) was the 
largest for a given stimulus intensity. After the 
motor hotspot was determined, TMS was applied 
at decreasing intensities to determine the subject’s 
resting motor threshold (Rossini et al., 1994). The 
resting motor threshold was defined as the lowest 
stimulus intensity needed to produce an MEP with 
an amplitude greater than 50 |iV peak-to-peak, in 
at least five out of eight successive stimulations. 
The mean motor threshold was 39%±7 (SD) of the 
maximum stimulator output. During the experi­
ment the coil was held at the motor hotspot and 
stimulation intensity was set to 110% of the indi­
vidual motor threshold.
Data Processing and Analysis
Data were processed offline. Trials in which 
subjects made any of the previously described er­
rors (e.g. false alarms) were discarded. To check 
whether the target muscle was indeed at rest at 
time of TMS, a 200 ms prestimulus EMG trace 
was inspected for each TMS trial. First, a computer 
program marked the trials in which the rectified 
trace contained any peak with amplitude of more 
than 25 |iV. In addition, traces were visually 
inspected and subsequently marked if any pre­
36
Chapter 3: Expectancy induces dynamic modulation of corticospinal excitability
stimulus EMG activity was detected. All marked 
trials were discarded, effectively eliminating tri­
als with any pre-TMS activity of the prime mover 
from the analyses. Furthermore, the root mean 
square (RMS) amplitude of the 200 ms pre-TMS 
EMG trace was calculated for each TMS trial. 
Reaction time (RT) was defined as the duration 
between the presentation of the RS and the onset 
of voluntary EMG. We defined two RT conditions:
1) the trials without TMS were assigned to the 
NO-TMS condition; 2) the trials with TMS were 
assigned to the TMS condition. RTs were aver­
aged over replications, for each subject, condition, 
and delay. RTs below 100 ms were excluded from 
the analysis.
MEP amplitude was defined as the difference 
between the lowest and highest value of the raw 
EMG signal (peak-to-peak amplitude) within the 
time window of 20-40 ms after the TMS trigger. 
In order to reduce the between-subjects variabil­
ity, a standardization procedure was employed. 
The mean and standard deviations of the MEPs 
observed at the earliest stimulation time (730 
ms after the PS) for each subject were used as a 
baseline for that subject. This baseline was cho­
sen because it was located outside the range of the 
RS delays used, and thus at this point no RS ever 
occurred. The individual amplitudes of the MEPs 
observed for each subject at the other stimula­
tion times were converted into z-scores calculated 
from the baseline (cf. Hasbroucq et al., 1999a). 
TMS could occur in two distinct situations: al­
most at the same time as a possible RS, or at time 
points not associated with an RS. We therefore 
defined two MEP conditions: 1) The “AT” con­
dition for trials where TMS was applied at 980, 
1480, 1980, or 2480 ms after the PS, and 2) The 
“BETWEEN” condition for trials where TMS was 
applied at 1230, 1730, or 2230 ms after the PS (see 
Figure 3.2A). Z-transformed MEP amplitudes 
and raw pre-TMS RMS amplitudes were averaged 
over replications, for each subject, condition, and 
stimulation time.
RTs, pre-TMS RMS amplitudes, and MEP 
amplitudes were analyzed separately. The analy­
ses were based on a repeated-measures multiple 
regression (Lorch & Myers, 1990). In each semi­
partial correlation (sr) reported, all remaining 
predictors have been partialed out from the pre­
dictor under analysis. For statistical tests, the 
mean square of the interaction between the sub­
ject and the factor under analysis was used as the 
error term. Statistical significance was set at the 
.05 level. Unless stated otherwise, data are present­
ed as mean ± standard deviation.
Experiment 2
In the second experiment we investigated whether 
the facilitatory effect of RS expectancy on MEP 
amplitude as apparent from Experiment 1, can 
be attributed to changes in intracortical excitabil­
ity. Therefore, single- and paired-pulse TMS were 
applied in a paradigm similar to Experiment 1. 
Intracortical inhibition (ICI) and intracortical fa­
cilitation (ICF) were assessed using paired-pulse 
TMS with interpulse intervals of 2 and 10 ms, re­
spectively. To make the experiment feasible given 
the fact that three types of TMS needed to be ap­
plied, only two RS delays were used.
Subjects
Seven healthy volunteers (5 females and 2 males), 
aged 22-30 years (mean=26.6) participated in the 
experiment. All were right-handed, with a mean 
handedness score of 96 (SD=7), according to 
the Oldfield questionnaire (Oldfield, 1971), and 
had normal or corrected-to-normal visual acuity. 
Subjects were screened for any history of neuro­
logical illness or neurosurgery, and for any metal 
or electronic implants. All subjects gave written 
informed consent prior to the experiment.
Procedure and Task
The experimental procedures and task were simi­
lar to Experiment 1, only the aspects that differ 
from the previous experiment are described here.
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Two PS-RS delays of 1000 and 1500 ms were 
randomly intermixed with probabilities of 2/5 
each, corresponding to a total of 80 trials per RS 
delay. The remaining 1/5 of the trials were catch 
trials (see Figure 3.2B).
In 116 out of the 200 trials, a TMS stimulus 
was applied within the preparatory delay. The 
magnetic stimulus was given: a) just before the 
last RS could occur (1480 ms after the PS), b) just 
before the midpoint between the two moments
were an RS could occur (1230 ms after the PS), 
or c) before any RS could occur (730 ms after the 
PS). Single and paired magnetic stimuli were pre­
sented pseudo-randomly, using remote operation 
of the magnetic stimulator by the stimulus soft­
ware. At time a) and b) all three TMS types were 
applied equally often: single-pulse TMS, paired- 
pulse TMS with an interval of 2 ms and 10 ms 
were each applied 16 times at both stimulation 
times. At time c) only single pulses were applied,
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Figure 3.2. Schematic representation of the time-courses of the trial types used in A) Experiment 1 and B) 
Experiment 2. In Experiment 1, TMS was applied in 2/3 trials. In Experiment 2, TMS was applied in 116/200 trials. 
A priori RS probabilities are listed vertically, whereas conditional RS probabilities are listed horizontally.
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20 times in total.
The experiment consisted of five blocks of 42 
trials each; the training consisted of four blocks of 
42 trials each. The training session was completed 
on the same day as the experimental session, with 
a break of about one hour between the end of the 
training and the start of the experimental session. 
Altogether, the training and the experiment took 
about three hours.
Electromyography
EMG recording procedures were identical to Ex­
periment 1.
Transcranial Magnetic Stimulation 
TMS was similar to Experiment 1. The coil how­
ever was connected to a Magstim BiStim2 setup 
(Magstim Company, Whitland, UK), to allow for 
both single- and paired-pulse TMS. Furthermore, 
after determining the motor hotspot and resting 
motor threshold, three additional parameters 
were determined: 1) the stimulus intensity that 
yielded a test MEP amplitude of about 1 mV, on 
average; 2) the ICI conditioning stimulus intensity 
needed to inhibit the test MEP to an amplitude 
of about 0.5 mV on average; 3) the ICF condi­
tion stimulus intensity needed to facilitate the test 
MEP to an amplitude of about 1.5 mV, on average. 
Given the dynamic nature of the task, we did not 
attempt to match single-pulse MEP amplitudes 
across conditions, as there is evidence that the 
test MEP amplitude has no effect on the amount 
of ICI (For a detailed discussion on this issue, see: 
Coxon et al., 2006).
The mean motor threshold, test pulse intensity, 
ICI conditioning pulse intensity, and ICF condi­
tioning pulse intensity were 51%±6 (SD), 60%±8, 
38%±6, and 40%±4 of the maximum stimulator 
output, respectively.
Data Processing and Analysis
Data processing was identical to Experiment 1.
For the RT analysis, RTs not preceded by TMS 
were assigned to the NO-TMS condition; the tri­
als with TMS applied 270 ms before the RS (730 
ms and 1230 ms after the PS, for the two RS delays 
respectively) were assigned to the TMS condition. 
Because there were no TMS pulses applied at 980 
ms after the PS, RTs with TMS applied at 20 ms 
before the RS did not exist for the early RS delays. 
Therefore, the trials in which TMS was applied at 
1480 ms after the PS (i.e. 20 ms before the second 
RS delay), were not included in the analysis. For 
each subject and condition, RTs were averaged 
over replications and submitted to a repeated- 
measures analysis of variance (ANOVA), with 
RS delay (1000 ms vs. 1500 ms) and stimulation 
(NO-TMS vs. TMS) as within-subject factors.
For the MEP analysis, The MEPs obtained at 
a stimulation time of 1230 ms after the PS were 
assigned to the BETWEEN condition; those ob­
tained at a stimulation time of 1480 ms after the 
PS were assigned to the AT condition. For each 
subject and condition, z-transformed MEP am­
plitudes and raw pre-TMS RMS amplitudes were 
averaged over replications and submitted to a re- 
peated-measures ANOVA with stimulation time 
(BETWEEN vs. AT) and TMS type (single-pulse 
vs. paired-pulse 2 ms vs. paired-pulse 10 ms) as 
within-subject factors. Furthermore, two paired t- 
tests were conducted to compare the single-pulse 
MEPs in the BETWEEN and the AT condition 
with baseline.
Statistical significance was set at the .05 level.
Results
Experiment 1
In total, 11% of all trials were discarded because 
subjects made errors (3%), or pre-TMS EMG ac­
tivity was detected (8%).
Reaction Times
Representative EMG traces from one subject, 
showing a voluntary EMG response preceded by 
an MEP, are plotted in Figure 3.3. The overall mean 
RT was 209±32 ms. A linear regression model, 
including delay (1000, 1500, 2000, 2500), condi­
tion (NO-TMS, TMS), and delay x condition as
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Figure 3.3. Representative EMG traces from two trials of one subject in Experiment 1. In both trials, the RS was 
presented after a delay of 1500 ms (dashed vertical line). Shortly after the RS the voluntary EMG burst starts. In 
both examples TMS was applied. The stimulation times are depicted by the short vertical lines. In the upper trace 
the stimulation time was 1230 ms (BETWEEN condition); in the lower trace it was 1480 ms (AT condition).
within-subject factors, was fitted to the averaged 
RT data, R2=.79, F(12,59)=18.08.06, p<.001.
Figure 3.4 shows the RTs and the regression 
lines from the model. Analysis of the regression 
results showed that RT decreased significantly 
with increasing RS delay, sr=-.51, F(1,8)=22.58, 
p<.01. The RTs in the TMS condition were sig­
nificantly shorter than in the NO-TMS condition, 
means, 199±31 and 220±29 ms, respectively, 
F(1,8)=25.78, p<.001. There was no significant 
interaction between the effects of delay and con­
dition, F(1,8)=0.28, p>.1.
For further insight in the facilitatory effect of 
TMS on RTs, an additional comparison was con­
ducted between the RTs, separated into the AT 
and the BETWEEN TMS trials (data not shown in 
Figure 3.4). A paired t-test showed that there was 
no significant difference between the mean RTs in 
the AT and BETWEEN conditions, 197±38 ms vs. 
202 ± 29 ms respectively; t(35)=1.17, p>.1.
Motor-evoked potentials
The overall mean raw MEP amplitude was 
0.58±0.31 mV, the raw mean baseline MEP ampli­
tude was 0.65±0.14 mV A linear regression model,
including stimulation time (980, 1230, 1480, 1730, 
1980, 2230, 2480), condition (AT, BETWEEN), 
and stimulation time x condition as within-sub- 
ject factors, was fitted to the z-transformed MEP 
amplitudes, R2=.69, F(12,50)=9.36, p<.001.
Figure 3.5 shows the average MEP amplitudes 
in both conditions, as a function of stimulation 
time. The regression analysis revealed that MEP 
amplitudes increased significantly with increas­
ing stimulation time, sr=.28, F(1,8)=8.58, p<.05. 
Furthermore, the amplitudes of MEPs obtained 
in the AT condition were significantly larger 
than the amplitudes of MEPs in the BETWEEN 
condition, F(1,8)=18.10, p<.01. There was no sig­
nificant stimulation time x condition interaction, 
F(1,8)=4.7, p=.06. The y-intercept of the regres­
sion line at 980 ms significantly deviated from 
zero, indicating that the initial MEP amplitudes 
were below baseline, F(1,8)=5.76, p<.05.
The mean pre-TMS RMS amplitudes for stim­
ulation times 980, 1230, 1480, 1730, 1980, 2230, 
and 2480 were 2.7±0.9 |iV, 2.6±0.9 |iV, 2.7±1.0 |iV, 
2.8±1.0 |iV, 2.7±1.0 |iV, 2.9±1.0 |iV, and 2.7±0.9 
|iV, respectively. A linear regression model, in­
cluding the same predictors as used in the MEP
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Figure 3.4. Reaction time data of Experiment 1 
(N=9), with regression lines, plotted as a function of 
RS delay and condition. The markers represent the 
mean reaction times (+ standard error): filled circles 
for the reactions that were not preceded by a TMS 
pulse (NO-TMS condition) and open squares for the 
reactions that were preceded by a TMS pulse (TMS 
condition).
regression, was fitted to these amplitudes, _R2=.91, 
F(12,50)=43.69, p<.001. The analysis of the re­
gression results revealed no significant effects of 
stimulation time, condition, or stimulation time 
x condition, F(1,8)=1.41, p>.1; F(1,8)=0.36, p>.1; 
F(1,8)=2.65, p>.1, respectively. Therefore, dif­
ferences in corticospinal excitability cannot be 
explained by differences in EMG amplitude prior 
to the TMS pulse.
Experiment 2
In total, 14% of all trials were discarded because 
subjects made errors (5%), pre-TMS EMG activity 
was detected (7%), or technical problems (2%).
Reaction Times
The overall mean RT was 191±14 ms. Note that 
this is faster than in Experiment 1, likely due to 
the fact that the probabilities of the RSs were also 
higher. Figure 3.6 shows the RTs as a function of
Stimulation time (ms)
Figure 3.5. MEP data of Experiment 1 (N=9), with 
regression lines, plotted as a function of stimulation 
time and condition. The markers represent the mean 
standardized MEP amplitudes (+ standard error): filled 
squares for the condition where TMS was applied AT 
expected RSs and open squares for the condition 
where TMS was applied BETWEEN expected RSs. At 
1000, 1500, 2000, and 2500 ms (AT condition) an RS 
could occur, in between those moments (BETWEEN 
condition) RSs never occurred.
TMS condition and delay. The ANOVA showed 
a main effect of RS delay, indicating that in trials 
with an RS delay of 1500 ms the responses were 
significantly faster than in trials with an RS delay 
of 1000 ms, means 181±16 and 202±16, respec­
tively, F(1,6)=12.66, p<.05. In addition, the main 
effect of stimulation showed that the RTs in the 
TMS condition were significantly shorter than 
in the NO-TMS condition, means 177±18 and 
205±12, respectively, F(1,6)=39.52, p<.01. No sig­
nificant interaction between RS delay and TMS 
condition was found, F(1,6)=4.19, p=.09.
Motor-evoked Potentials
Representative EMG traces with MEPs from one 
subject are shown in Figure 3.7. The overall mean 
raw MEP amplitudes in the BETWEEN and AT 
conditions were 0.93±0.32 mV in response to 
single-pulse TMS, 0.58±0.30 mV in response
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Figure 3.6. Reaction time 
data of Experiment 2 (N=7), 
plotted as a function of RS 
delay and condition. The bars 
represent the mean reaction 
times (+ standard error): 
open bars for the RS delays of 
1000 ms, filled bars for the RS 
delays of 1500 ms.
NO-TMS TMS
to paired-pulse TMS with an ISI of 2 ms, and 
1.33±0.40 mV in response to paired-pulse TMS 
with an ISI of 10 ms. The mean raw baseline MEP 
amplitude was 1.13±0.44 mV
In Figure 3.8, the average z-transformed MEP 
amplitudes are plotted as a function of TMS type 
and stimulation time. The ANOVA revealed a 
significant main effect of TMS type on MEP am­
plitude, F(2,12)=9.86, p<.01. Planned contrasts 
confirmed that the MEP amplitudes were signifi­
cantly smaller in response to paired-pulse TMS 
with an ISI of 2 ms, and significantly larger in re­
sponse to paired-pulse TMS with an ISI of 10 ms, 
compared to MEP amplitudes in response to sin­
gle-pulse TMS, F(1,6)=5.39, p<.05 and F(1,6)=6.11, 
p<.05, respectively. Furthermore, the main effect 
of stimulation time was significant, F(1,6)=7.31, 
p<.05, indicating that MEP amplitudes were larg­
er when TMS was applied AT a moment where 
an RS was expected than when TMS was applied 
BETWEEN two expected RSs. Importantly, there 
was no significant interaction between TMS type 
and stimulation time, F(2,12)=0.41, p>.1, indi­
cating that the effect of the conditioning pulse in 
both paired-pulse conditions (ICI and ICF) was 
not affected by RS expectancy. Similar to Experi­
ment 1, single pulse MEPs were significantly lower 
than baseline in the BETWEEN condition, t(6)=- 
3.42, p<.05, but not in the AT condition, t(6)=0.10, 
p>.L
As an alternative approach to test whether RS 
expectancy differentially modulated ICI or ICF, 
we expressed the difference between paired-pulse 
MEP amplitudes and the average single-pulse 
MEP amplitude in each condition, as a percent­
age of that average single-pulse MEP amplitude. 
Paired t-tests again did not reveal an effect of 
RS expectancy (means ± SE, BETWEEN vs AT 
for ICI: -39.1±9.1% vs -29.5±10.7%, t(7)=-1.33, 
p=0.23; for ICF: 67.0±21.3% vs 45.8±25.5%, 
t(7)=0.76, p=0.48.
The mean pre-TMS RMS amplitude in the 
single-pulse TMS trials was 3.0±0.8 |iV for the 
AT condition and 3.5±1.3 |iV for the BETWEEN 
condition. In the ICI trials the pre-TMS RMS 
amplitude was 3.0±0.8 |iV for the AT condition 
and 3.3±1.3 |iV for the BETWEEN condition; 
in the ICF trials it was 3.2±1.0 |iV for the AT 
condition and 3.1±0.9 |iV for the BETWEEN 
condition. The ANOVA on the pre-TMS RMS 
amplitudes revealed no significant effects of TMS 
type, stimulation time, or TMS type x stimula-
0
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Figure 3.7. Representative EMG traces with MEPs of one subject in Experiment 2. One trace is shown for each 
of the six TMS conditions. Stimulation times are marked by short vertical lines. Note that in the ICI and ICF 
conditions two TMS pulses are applied (a conditioning pulse followed by a test pulse). Within the single-pulse, 
ICI, and ICF conditions, the MEP amplitudes are larger in the AT trials than in the BETWEEN trials, indicating an 
increased corticospinal excitability. The inhibitory effect of a conditioning pulse applied 2 ms prior to the test 
pulse can be seen by comparing the MEPs of the single-pulse and ICI traces, whereas the facilitatory effect of a 
conditioning pulse applied 10 ms prior to the test pulse can be seen by comparing the MEPs of the single-pulse 
and ICF traces.
tion time, F(2,12)=0.60, p>.1; F(1,6)=2.44, p>.1; 
F(2,12)=1.92, p>.1, respectively. Therefore, dif­
ferences in corticospinal excitability cannot be 
explained by differences in EMG amplitude prior 
to the TMS pulse.
Discussion
Motor preparation facilitates efficient execution 
of goal-based behavior: The anticipation of rel­
evant events in the environment allows us to react 
quickly once these actually occur. Here, we show 
that during movement preparation, excitability of 
the motor system is modulated by the mere ex­
pectancy of a behaviorally relevant event. More 
specifically, implicit knowledge about the probabil­
ity that an instruction to move will occur shortens 
RT and elevates corticospinal excitability.
The analysis of MEP amplitudes revealed 
a modulation of corticospinal excitability that 
points to a complex interplay of several mecha­
nisms (Figure 3.5). Foremost, MEP amplitudes 
were larger at time-points where an RS was expect­
ed, compared to time-points where an RS could
not occur. In addition, there was a non-specific 
increase in MEP amplitudes over the time-course 
of the preparatory delay. Finally, modulation of 
MEPs initiated below baseline, suggesting the in­
volvement of inhibitory mechanisms. We will first 
discuss the mechanisms that may account for the 
observed increases in MEP amplitudes.
Earlier neurophysiological work already 
showed that expectancy modulates neuronal 
activity in the motor system, suggesting that 
corticomotor excitability is modulated by the 
probability of behaviorally relevant events (Riehle 
et al., 1997; Trillenberg et al., 2000; Schoffelen et 
al., 2005; Thoenissen et al., 2002). Our study is 
the first to use TMS to directly demonstrate that 
expectancy indeed increases corticospinal excit­
ability and that this increase is transient, reflecting 
the capacity of the motor system to dynamically 
adapt the prime mover’s excitability to current 
behavioral demands, on a time-scale of tens of 
milliseconds.
There are several candidate mechanisms with­
in the corticomotor system that may mediate the
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Figure 3.8. MEP data of 
Experiment 2 (N=7), plotted as 
a function of stimulation time 
and TMS type. The bars represent 
mean standardized MEP 
amplitude (+ standard error): 
open bars for the condition 
whereTMS was applied BETWEEN 
the expected RSs (stimulation 
time 1230 ms) and closed bars 
for the condition where TMS 
was applied AT an expected RS 
(stimulation time 1480 ms).
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increase of corticospinal excitability, such as in­
hibitory or facilitatory interneuronal mechanisms 
within the primary motor cortex. For example, 
expectancy induced increases in MEP ampli­
tude could result from decreased excitability of 
intracortical inhibitory networks, increased ex­
citability of intracortical facilitatory networks, or 
both. Paired-pulse TMS can probe such inhibitory 
(ICI) as well as facilitatory (ICF) networks, de­
pending on the interval between the conditioning 
and the test pulse (Kujirai et al., 1993; Chen et al., 
1998a; Ziemann et al., 1996). In Experiment 2, we 
used paired-pulse TMS with interpulse intervals 
of 2 and 10 ms to assess ICI and ICF, respectively. 
In this experiment a clear effect of RS expectancy 
on MEP amplitude was found again (Figure 3.8). 
However, there were no differential effects of RS 
expectancy across the three types of TMS stimuli 
applied within the task, making it unlikely that the 
facilitatory effect of RS expectancy on MEP am­
plitude is mediated by the intracortical networks 
tested here. It remains possible that modulation 
of ICI by RS expectancy would have been found 
if an interpulse interval other than 2 ms (e.g. 2.5 
ms) had been applied, since there is evidence that 
different intervals may probe different inhibi-
tory mechanisms (Roshan et al., 2003; Fisher et 
al., 2002). It must be noted however that Sohn 
et al. (2002) found that suppression of voluntary 
movements modulates ICI as measured with a 
2 ms interpulse interval. Thus, we have probed 
the same mechanism as in the study of Sohn and 
colleagues.
What mechanisms other than ICI or ICF may 
account for the observed changes in corticospinal 
excitability? Early studies have shown that spinal 
circuits are modulated during motor preparation 
(Brunia et al., 1982; Scheirs & Brunia, 1985; see 
also Brunia, 1993). It is unlikely that expectancy 
of response signals originates within the spinal 
cord, but expectancy may influence spinal excit­
ability indirectly via projections originating from 
cortical areas. In a more recent study it was shown 
that while monkeys were waiting for an RS, two 
concurrent processes took place in the interneu­
rons of the spinal cord: excitatory rate-changes in 
the same direction as the subsequent movement 
related rate-changes, and inhibitory rate-changes 
that were hypothesized to reflect a superimposed 
mechanism suppressing muscular output (Prut & 
Fetz, 1999). Accordingly, it has been put forward 
that the modulation of spinal circuits plays an
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important role in complex motor functions, such 
as the planning of movements (Bizzi et al., 2000). 
Future studies using more direct tests of spinal 
excitability (e.g. F-waves or H-reflexes) may shed 
light on the role of spinal mechanisms in our 
paradigm.
Corticospinal synchrony could be another 
mechanism underlying modulation of MEP am­
plitudes by RS expectancy. Our findings are in 
line with previous hypotheses that whenever a 
task-relevant event is expected, neurons that have 
to be activated in the anticipated task are tran­
siently facilitated (Birbaumer et al., 1990; Brunia, 
1993). If such anticipatory facilitation is subtle, it 
will not exceed the target neurons’ firing thresh­
olds and therefore not directly affect firing rates. 
Infraliminal facilitation may however lead to 
synchronization within the target neuron pools. 
Indeed, it has been shown that RS expectancy 
leads to increased synchronization within primary 
motor cortex (Riehle et al., 1997), as well as be­
tween motor cortex and spinal cord (Schoffelen et 
al., 2005). Furthermore, neuronal synchronization 
has been proposed to determine the effective­
ness of corticospinal interaction (Schoffelen et 
al., 2005; Fries, 2005). Thus, the MEP amplitude 
modulation observed in our experiments may be 
due to expectancy induced changes in the interac­
tion between neuronal groups of primary motor 
cortex and spinal cord: RS expectancy modulated 
neuronal synchronization, thereby shaping the 
susceptibility to TMS of target corticospinal path­
ways. Moreover, synchronization between distant 
neuronal groups in the primary motor cortex and 
the spinal cord may very well lead to increased 
MEP responses to suprathreshold TMS, but is un­
likely to alter the effectiveness of the subthreshold 
conditioning pulse in paired-pulse TMS, which is 
in accordance with our findings (Figure 3.8).
In addition to the transient MEP facilitation 
by instantaneous RS expectancy, we found a weak 
but significant correlation between stimulation 
time and MEP amplitude in Experiment 1. Un­
expectedly, this effect did not differ between the
AT and the BETWEEN condition. If corticospinal 
excitability would solely be determined by the 
instantaneous expectancy of an RS, the MEP am­
plitudes at moments where no RS can occur (the 
BETWEEN condition) are not expected to modu­
late. This suggests the presence of an additional 
process (independent of and superimposed on the 
transient facilitation by each potential RS) reflect­
ing the estimation of elapsed time, or the increase 
in the probability of encountering an RS, associ­
ated with the elapse of time in this paradigm (cf. 
Janssen & Shadlen, 2005).
So far, we have discussed mechanisms that 
may account for the observed increases in MEP 
amplitudes. Our results also point to the involve­
ment of an inhibitory mechanism. A few earlier 
TMS studies, which used constant preparatory 
delays, have reported inhibition of MEPs during 
motor preparation (Hasbroucq et al., 1997; Hasb- 
roucq et al., 1999b; Hasbroucq et al., 1999a; Touge 
et al., 1998). In our experiments we found similar 
effects: the modulation of the MEPs in Experi­
ment 1 initiated below baseline; in Experiment 2, 
the MEP amplitudes in the BETWEEN condition 
were also suppressed relative to baseline. This im­
plies an inhibitory mechanism that is employed 
shortly before the first RS is expected. Although 
our study can not provide conclusive data on this 
assumption we would like to speculate that this 
inhibition is closely related to proposed response 
suppression mechanisms (Birbaumer et al., 1990; 
Prut & Fetz, 1999; Touge et al., 1998; Brunia, 1993; 
Coxon et al., 2006). Several studies have shown 
that intracortical inhibition contributes to the 
voluntary suppression of a prepared movement 
(Coxon et al., 2006; Sohn et al., 2002) and that ICI 
declines shortly before or during the execution of 
a voluntary movement (Reynolds & Ashby, 1999; 
Buccolieri et al., 2004). Together with the results of 
Experiment 2, this suggests that ICI does not me­
diate the anticipatory facilitation of corticospinal 
excitability, but rather serves as a counter-mech­
anism to such potential influences until the 
instruction to move is given. In the present exper­
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iment, it is very likely that inhibitory mechanisms 
were needed to prevent premature muscle output. 
Subjects were instructed and trained to pay much 
attention to muscle relaxation, while at the same 
time they were encouraged to respond as quickly 
as possible. Because at each potential RS the excit­
ability of the corticospinal system was transiently 
facilitated, the subjects had to employ sufficient 
inhibition to make sure that these fluctuations in 
excitability remained subthreshold and did not 
produce premature muscle output.
A prominent feature of TMS is its ability to 
affect RTs, for example due to intersensory facili­
tation or direct excitation of the motor pathways 
(Pascual-Leone et al., 1992; Terao et al., 1997). 
One can argue that the RTs in our experiment are 
influenced by such effects. To control for any bias 
of TMS on RTs, in both experiments no TMS was 
applied in at least one-third of the trials, and these 
trials were randomly intermixed with the TMS 
trials. Subjects had no prior information about 
the condition a given trial belonged to. The data 
from the conditions without TMS provide a reli­
able confirmation that our paradigm successfully 
modulated readiness-to-respond: RTs systemati­
cally decreased with increasing RS delay (Figures 
3.4 and 3.6). Thus, the subjects were capable of ad­
justing their readiness-to-respond in accordance 
with the probability that an RS could occur. It must 
be noted however, that even though TMS short­
ened the RTs, the facilitatory effect of RS delay on 
the RTs remained unchanged. Moreover, this RT 
speed-up was not different between the AT and 
BETWEEN trials of Experiment 1, suggesting that 
it resulted from intersensory facilitation (Terao et 
al., 1997).
To conclude, we postulate that readiness-to- 
respond is tuned by a well-controlled balance 
between levels of corticospinal facilitation and 
inhibition. Expectancy of response related events 
dynamically increases excitability of the prime 
mover corticospinal representation, facilitat­
ing fast responses. Inhibitory mechanisms may 
counterbalance these excitatory effects in order
to prevent premature output. An interesting issue 
that needs to be pursued is whether expectancy 
related changes in neuronal synchronization in 
the motor system (Riehle et al., 1997; Schoffelen et 
al., 2005) hold any causal relation with expectancy 
related changes in excitability as measured with 
TMS. Future experiments combining measures of 
neuronal synchronization with a direct measure 
of excitability, such as TMS, will provide valuable 
insights in this intriguing question.
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Chapter 4: Preparation of movement direction
Preparation of the direction of a forthcoming movement has a particularly strong influence on both reaction times and neuronal activity in the primate motor 
cortex. Here, we aimed to find direct neurophysiological evidence for the prepara­
tion of movement direction in humans. We used single-pulse transcranial magnetic 
stimulation (TMS) to evoke isolated thumb movements, of which the direction can 
be modulated experimentally, for example by training or by motor tasks. Sixteen 
healthy subjects performed brisk concentric voluntary thumb movements during a 
reaction time task in which the required movement direction was precued. We as­
sessed whether preparation for the thumb movement lead to changes in the direction 
of TMS-evoked movements and to changes in amplitudes of motor-evoked potentials 
(MEPs) from the hand muscles. When the required movement direction was pre­
cued early in the preparatory interval, reaction times were 50 ms faster than when 
precued at the end of the preparatory interval. Over time, the direction of the TMS 
evoked thumb movements became increasingly variable, but it did not turn towards 
the precued direction. MEPs from the thumb muscle (agonist) were differentially 
modulated by the direction of the precue, but only in the late phase of the prepara­
tory interval and thereafter. MEPs from the index finger muscle did not depend on 
the precued direction and progressively decreased during the preparatory interval. 
Our data show that the human corticospinal movement representation undergoes 
progressive changes during motor preparation. These changes are accompanied by 
inhibitory changes in corticospinal excitability, which are muscle specific and depend 
on the prepared movement direction. This inhibition might indicate a corticospinal 
braking mechanism that counteracts any preparatory motor activation.
Introduction
Many attributes of voluntary or instructed 
movements are prepared in advance, in order 
to facilitate efficient execution. Such facilitation 
may for example result in enhanced accuracy and 
shortened reaction times. Preparation of move­
ment direction may already begin about 100 ms 
after presentation of a directional cue (Ghez et al., 
1997). Moreover, providing prior information (i.e. 
precueing) about the direction of an upcoming 
movement results in a strong reduction in reac­
tion times (Rosenbaum, 1980; Anson et al., 2000).
On the neurophysiological level, directional 
coding has been studied extensively in behaving 
animals. The activity of single neurons in the motor 
cortex is gradually modulated by movement di­
rection (Georgopoulos, 1995; Georgopoulos et al., 
1988). The direction of any particular movement 
can therefore be encoded across a population of
motor cortical cells. Neuronal coding of direction 
has been reported not only to occur shortly before 
or during the execution of movements but also 
during preparatory intervals, several hundreds of 
milliseconds before the onset of actual movement 
(Georgopoulos et al., 1989; Tanji & Evarts, 1976; 
Riehle & Requin, 1989; Riehle & Requin, 1995; 
Bastian et al., 1998). Furthermore, preparatory 
activity of direction-selective neurons in mon­
key motor cortex can predict the direction and 
the reaction time of a subsequent movement on a 
trial-to-trial basis (Riehle & Requin, 1993; Geor­
gopoulos et al., 1989). Thus it seems that prior 
information about movement direction facilitates 
reaction time through pre-activation of neuronal 
output systems.
Here we aimed to find neurophysiological evi­
dence for the preparation of movement direction 
in humans. Although it is virtually impossible to
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measure directional coding of individual neu­
rons in healthy humans, on a macroscopic level 
the representation of movement direction in mo­
tor cortex can be investigated with transcranial 
magnetic stimulation (TMS). Classen and col­
leagues introduced the use of TMS-evoked thumb 
movements to reveal changes in motor-cortical 
movement representations (Classen et al., 1998). 
By assessing the direction of TMS-evoked thumb 
movements they showed that these movement 
representations can be modulated experimentally 
(Classen et al., 1998; Stefan et al., 2005; Butefisch 
et al., 2000). TMS-evoked movements have also 
been applied in reaction tasks to show that their 
directions starts to follow the intended movement 
well before the start of the voluntary response, but 
these studies focussed on the period after the re­
sponse signal (i.e. the response interval) (Sommer 
et al., 2001; McMillan et al., 2006). In this study, 
we assessed whether purely preparatory processes 
influence the cortical movement representation 
and if the direction of an intended movement may 
already be determined prior to the response signal, 
namely the preparatory interval.
The brief muscle twitches underlying 
TMS-evoked movements can be recorded elec- 
tromyographically as so called motor-evoked 
potentials (MEP). Their amplitudes are a measure 
of corticospinal excitability. Several earlier stud­
ies have made clear that corticospinal excitability 
of movement agonists increases during the last 
100 ms of the response interval (Yamanaka et 
al., 2002; Leocani et al., 2000; Chen et al., 1998; 
Sommer et al., 2001; Rossini et al., 1988; McMil­
lan et al., 2006; McMillan et al., 2004). Recent 
TMS research has shown that if a specific move­
ment can be prepared, corticospinal excitability 
of the movement agonists may also increase dur­
ing the preparatory interval (van den Hurk et al., 
2007; van Elswijk et al., 2007; Mars et al., 2007). 
If preparation of a specific movement direction 
is reflected by the kinematics of TMS-evoked 
movements, it should correspondingly modulate 
corticospinal excitability. During preparation of a
particular direction, the agonists are expected to 
be facilitated. However, there is also accumulating 
evidence for an important role of corticospinal in­
hibition in motor preparation (Touge et al., 1998; 
Davranche et al., 2007; Hasbroucq et al., 1997; 
Hasbroucq et al., 1999b; Hasbroucq et al., 1999a). 
This inhibition seems to be related to the estima­
tion of the timing of the response signal rather 
than to preparation of a specific response, as it 
is not specific to movement agonists (Hasbroucq 
et al., 1999b). Inhibition associated with time 
preparation appears to be aimed at spinal circuits 
whereas response specific preparation most likely 
occurs at the cortical level (Davranche et al., 2007; 
Prut & Fetz, 1999; Duclos et al., 2008).
We sought to elucidate whether prior specifi­
cation of the required direction of an upcoming 
movement is associated with changes in the corti­
cospinal output (not only changes in TMS-evoked 
movements but also associated changes in cor­
ticospinal excitability) during the preparatory 
interval preceding that movement. Our subjects 
performed a motor preparation task that in­
volved brisk concentric thumb movements. The 
required movement direction was instructed via 
a precue (Figure 4.1). In order to modulate the 
amount of preparation that could be attained, the 
precue either was presented relatively late in the 
preparatory interval or relatively early in the pre­
paratory interval. Compared to a late precue, an 
early precue provided an additional period of 500 
milliseconds where movement direction could be 
prepared, and was hence expected to yield a short­
er reaction time. In trials with an early precue, we 
used TMS to determine 1) whether the direction­
al precue modulates the direction of TMS-evoked 
thumb movements; 2) how these changes relate to 
changes in corticospinal excitability, as reflected 
by MEPs from hand muscles.
Methods
Subjects
Sixteen healthy volunteers (11 female and 5 male) 
with a mean age of 24 years (range 20-30) partici­
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Warning signal Early precue Response signal Feedback
Stimulus
TMS 
Time (ms)
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Figure 4.1. Schematic representation of the events in a go trial with an early precue. In each trial a warning 
signal and a response signal were presented. The precue was presented at either 600 ms (early precue) or 100 
ms (late precue) before the response signal. A response was required in go trials only (green coloured response 
signal; 80% probability). In a random 280 (~78%) of the 360 early-precue trials, TMS was applied at either 900, 
300, or 100 ms before, or 250 ms after the response signal. A trial can be divided into three epochs. The epoch 
before the precue is termed the baseline interval; the epoch between precue and response signal is termed 
the preparatory interval; the epoch after the response signal is termed the response interval. These epochs are 
marked using shades of grey, also in the following figures.
pated in the experiment. All were right-handed 
(mean Oldfield (Oldfield, 1971) handedness score 
of 93, range 60-100) and had normal or corrected- 
to-normal visual acuity. Subjects were screened 
for any history of neurological illness or neuro­
surgery and for any metal or electronic implants. 
All subjects gave written informed consent prior 
to the experiment. The experimental procedures 
were in accordance with the declaration of Hel­
sinki and approved by the local ethics committee 
of the Radboud University Nijmegen.
Procedure and task
Subjects were seated in a comfortable chair, in 
front of a 15 inch computer screen (distance ~75 
cm). The subject’s right forearm, wrist, and fingers 
2-5 were immobilised in a tight U-shaped cast 
with the elbow flexed 90 degrees and the forearm 
semi-pronated. The thumb was left entirely free to 
move (see Figure 4.2). In this setup, the axes of 
thumb abduction/adduction and of thumb flex­
ion/extension were close to the horizontal and 
vertical space axes, respectively.
The experimental tasks required subjects to 
move the thumb of their right hand in response
to a series of visual signals, as quickly and as ac­
curately as possible. Figure 4.1 gives a schematic 
representation of the time course of a typical trial. 
In each trial, three signals (with a visual extent 
of ~0.5°) were presented in the centre of a cir­
cle (diameter ~8° of visual angle) that remained 
on the computer screen throughout the experi­
ment. First, a neutral warning signal (blue square) 
marked the beginning of a new trial. After a 1200 
ms delay this warning signal was replaced by a re­
sponse signal instructing the subject to move the 
thumb (go trial; green square; 80% probability) or 
to withhold a response (no-go trial; red square; 
20% probability). The required direction of each 
thumb movement was precued during the inter­
val between warning and response signal, by a 
blue arrow that was briefly flashed (100 ms) at the 
position of the warning signal. The five possible 
directions (90°, 135°, 180°, 225°, and 270°) were 
always tick-marked on the circle. One of these 
five movement directions was precued in each 
trial. There were two task variants, which only dif­
fered in the timing of the directional precue. In 
the early-precue task the direction was specified 
600 ms before the response signal, whereas in the
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Figure 4.2. Experimental setup. The right arm 
was fixed with Velcro straps. Thumb movements 
were measured by two miniature uni-axial 
accelerometers that were mounted on the proximal 
phalanx of the thumb, in orthogonal planes. 
Electromyographic activity from the thumb muscle 
(abductor pollicis brevis), index finger muscle (first 
dorsal interosseus), and wrist muscle (flexor carpi 
radialis; not visible on photo) was recorded using 
adhesive Ag/AgCl surface electrodes.
late-precue task it was specified 100 ms before the 
response signal. Subjects were instructed to com­
pletely relax their arm muscles during the period 
preceding the response signal and to respond in 
go trials only. After go trials, a marker was plotted 
on the circle to show the direction of the move­
ment just executed. After no-go trials, a centrally 
presented green or red square informed the sub­
ject whether the response was correctly withheld 
or not.
Before performing the experimental tasks 
subjects were trained extensively. The aim of the 
training was to familiarise the subjects with the 
required stimulus-response associations and to 
practice complete muscle relaxation whenever 
movement was not appropriate. Furthermore, 
subjects who had no prior experience with TMS 
were familiarised with the technique. A large part 
of the training was completed in a separate ses­
sion one or two days before the test session. In 
the first session the subjects initially performed 
a short warm-up task. This task was identical to 
the late-precue task except that the precued direc­
tions on subsequent trials were arranged orderly, 
in an anti-clockwise fashion (90°, 135°, 180°, 225°, 
270°, 90°, etc. etc.). Subjects completed at least two 
blocks of 30 trials. If movements were inaccurate, 
additional blocks were presented until the ex­
perimenters deemed performance to be adequate. 
Next, the subjects performed three blocks (40 tri­
als each) of the early-precue task and three blocks
of the late-precue task (counterbalanced across 
subjects). Auditory feedback of electric muscle ac­
tivity was provided continuously during all three 
tasks. Finally, subjects unfamiliar with TMS were 
introduced to the technique. In the second session 
the subjects initially performed the warm-up task 
while auditory feedback of their muscle activity 
was provided. Again, at least two blocks of 30 tri­
als were completed. If movements were inaccurate 
or excessive muscle activity was present prior to 
movement initiation, additional blocks were pre­
sented until performance was deemed adequate. 
After their movement threshold was determined 
(see below), the subjects practiced 20 trials of the 
subsequent early-precue task, which included the 
application of TMS pulses during task perform­
ance. Subjects were asked to ignore any possible 
interference of TMS and perform the task to their 
best ability. The experimental tasks were carried 
out in the final part of the second session. The 
subjects completed nine blocks of the early pre­
cue task followed by two blocks of the late precue 
task. According to our hypothesis, reaction times 
in the late precue task were expected to be long­
er than in the early precue task. The late precue 
task was always performed after the early precue 
task. In this way, if a training effect would occur, 
it would only lead to an underestimation of the 
precue effects, as the effects would have opposite 
directions. In a random 280 (~78%) out of the 360 
early-precue trials a single TMS pulse was applied
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at either 900 ms (40 trials), 300 ms (80 trials), or 
100 ms (80 trials) before, or 250 ms (80 trials) after 
the response signal. No TMS was applied in the 
late-precue task. As TMS frequently evoked invol­
untary thumb movements, feedback was omitted 
after TMS trials. Each block consisted of 40 trials, 
resulting in 360 early-precue trials, (280 with and 
80 without TMS) and 80 late-precue trials.
Transcranial magnetic stimulation 
TMS was delivered using a figure-of-eight shaped 
coil (diameter of each wing 70 mm) connected 
to a Magstim 2002 stimulator (Magstim Com­
pany, Whitland, United Kingdom). The coil was 
positioned tangentially on the left hemiscalp 
with its handle pointing backward at an angle of 
about 45 degrees from the midsagittal axis. First, 
the optimal position for evoking isolated thumb 
movements was identified. At this position the 
movement threshold was determined. Movement 
threshold was defined as the lowest stimulator 
output evoking a thumb acceleration of >0.9 ms-2 
in at least five out of eight successive stimulations. 
Stimulation intensity was set slightly above this 
threshold, on average 49(±10)% of maximum 
stimulator output. Coil position was monitored 
continuously (BrainSight TMS, Rogue Research, 
Montreal, Canada) and adjusted whenever its 
distance to the optimal stimulation position ex­
ceeded 5 mm.
Data acquisition
Thumb movements were recorded by two mini­
ature uni-axial accelerometers (Model 256-100, 
sensitivity 10 mV/ms-2; Endevco Corp., San Juan 
Capistrano, CA) that were mounted on the proxi­
mal phalanx of the thumb in orthogonal planes 
to detect acceleration in the abduction/adduction 
and extension/flexion axes. Accelerometer signals 
were conditioned with a gain of 10 (Model 4416B 
signal conditioner, Endevco Corp.). EMG from 
the thumb muscle (electrodes over the abductor 
pollicis brevis ‘APB’), index finger muscle (elec­
trodes over first dorsal interosseus ‘FDI’), and the
wrist muscles (electrodes over flexor carpi radialis 
‘FCR’) of the right hand was recorded using ad­
hesive Ag/AgCl surface electrodes (Kendall-LTP, 
Chicopee, MA). Electrodes were placed in “belly- 
tendon” arrangements, following standard skin 
preparation. EMG signals were amplified with 
a gain of 250 using an Ekida amplifier (Ekida 
GmbH, Helmstadt, Germany). Accelerometer and 
EMG signals were anti-aliasing filtered (1 kHz 
cut-off), then digitised at a rate of 5 kHz (accel­
eration resolution 0.15 ms-2/bit, voltage resolution
0.61 |iV/bit) using Spike2 software and a Pow­
er 1401 A/D converter (Cambridge Electronic 
Design, Cambridge, United Kingdom). Figure 4.3 
shows some example traces of TMS responses in 
EMG and accelerometer signals.
Data processing and analysis
Data were processed off-line using MATLAB 
(MathWorks, Natick, MA). Acceleration and 
EMG data were digitally filtered (low-pass 100 Hz, 
band-pass 10-500 Hz, respectively) and segment­
ed into epochs running from 1200 ms before to 
800 ms after each response signal. The two ac­
celerometer signals were converted into polar 
coordinate (magnitude-angle) time series. A peak 
detection algorithm was applied to the magnitude 
of this signal to determine onsets and correspond­
ing directions of voluntary and of TMS-evoked 
movements.
Reaction time (RT) was defined as the latency 
between the response signal and the first peak 
of acceleration. Because TMS may influence RT 
(Terao et al., 1997; Day et al., 1989; Pascual-Leone 
et al., 1992; van Elswijk et al., 2007; Burle et al., 
2002) only trials without TMS were used for the 
analyses of voluntary movements (with the excep­
tion of the analysis that assessed the effect of TMS 
on RT; see below). Per subject, trials with an RT of 
more than 2.5 standard deviations from the mean 
RT were discarded from all analyses. The RT of 
the early- and late-precue conditions was com­
pared with a two-tailed paired-samples t-test. The 
effect of the precue on the direction of the subse-
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Figure 4.3. Example EMG and accelerometer traces. Example traces of responses to TMS, from two of the subjects. 
Of each of the two subjects, six arbitrary TMS-trials were selected and the EMG and accelerometer signals 
recorded in those trials are plotted. The upper six sets are EMG traces; the lower four sets are accelerometer 
traces. The vertical lines mark the time when the TMS pulse was applied.
quent voluntary thumb movement was analysed 
with a one-way repeated-measures ANOVA with 
the within-subjects factor precue (90°, 135°, 180°, 
225°, 270°) and the first-peak acceleration angle as 
dependent variable. To assess the contribution of 
the three muscles to the different movements, we 
calculated the average root mean square (RMS) 
amplitude during the first 150 ms of the EMG 
bursts associated with the voluntary movements.
We performed an additional analysis on the 
RTs to assess the effect of a TMS perturbation 
on motor preparation. For each trial in which 
TMS was applied during the preparatory inter­
val (at -900 ms, -300 ms, or -100 ms) the RT was 
determined. Trials with an RT of more then 2.5 
standard deviations from the mean RT were dis­
carded. The remaining RTs were compared to the 
RT from early-precue trials without TMS using a 
one-way ANOVA with the within-subjects factor 
time (no TMS, -900 ms, -300 ms, -100 ms).
The required direction of the upcoming move­
ment was precued not before 600 ms prior to the 
response signal. Therefore the period between 
1200 and 600 ms prior to the response signal was 
termed the baseline interval. Responses to TMS 
given in this interval (i.e. stimulation time -900
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ms) were considered as an individual baseline for 
analyses of TMS-evoked movements, MEPs, and 
pretrigger RMS amplitudes.
TMS-evoked movements should have 
more-or-less constant latencies, because these de­
pend mechanistically on the conduction time of 
the nervous pathway. Consequently, trials where 
the latency of the first-peak acceleration of TMS- 
evoked movements deviated more than 10 ms 
from the mode across all latencies were discarded 
from all analyses. To assess whether the precue 
influenced the direction of subsequent TMS- 
evoked movements, we defined a “baseline zone”. 
This was a window of ±30° centred on the average 
direction of TMS-evoked movements at baseline. 
We assessed whether there was a temporal modu­
lation of the thumb movement representation by 
calculating the proportion of TMS-evoked move­
ments that fell outside this baseline zone, at each 
stimulation time. These proportions were then 
submitted to a one-way repeated-measures ANO­
VA with time as a within-subjects factor (-900 
ms, -600 ms, -100 ms, 250 ms). A further analysis 
was conducted to elucidate whether any changes 
in the thumb movement representation reflected 
the direction that was precued. Therefore, we 
determined the proportion of TMS-evoked move­
ments that fell within a ±30° window centred on 
the direction that had been precued (i.e. “precued 
target zone”). Analogous to the previous analy­
sis, the proportion of TMS-evoked movements 
within the precued target zone was analysed with 
a one-way repeated-measures ANOVA with the 
within-subjects factor time (-900 ms, -600 ms, 
-100 ms, 250 ms).
Corticospinal excitability was assessed by the 
peak-to-peak MEP amplitude between 10 and 50 
ms after the TMS trigger. To make sure the target 
muscles were at rest during the critical period of 
each trial, a trial was discarded from all analyses 
if voluntary EMG during the 200 ms preceding 
the TMS pulse or preceding the response signal 
exceeded 50 |iV. In addition, the EMG RMS am­
plitudes 100 ms prior to TMS were calculated. To
reduce between-subject variability, the MEP and 
pretrigger RMS amplitudes were normalised to 
the average MEP or average pretrigger RMS am­
plitude (respectively) across the three muscles 
measured at baseline (a value of 1 was assigned 
and all other values expressed relative to this 
value). The normalised MEP amplitudes were 
initially submitted to a three-way repeated-meas- 
ures ANOVA with within-subjects factors muscle 
(APB, FDI, FCR), precue (90°, 135°, 180°, 225°, 
270°) and time (-900 ms -600 ms, -100 ms, 250 
ms). Significant interactions were further speci­
fied with separate two- and one-way ANOVAs. 
To assess whether preliminary muscle activation 
could explain any temporal modulation of TMS- 
evoked movements or MEP amplitudes, one-way 
ANOVAs with the within-subjects factor time 
were also conducted on the normalised pretrigger 
RMS amplitudes of each muscle.
Degrees of freedom were adjusted with the 
Greenhouse-Geisser epsilon if the spheric­
ity assumption was not met, but for statistical 
interpretation uncorrected degrees of freedom are 
reported. Statistical significance was set at the 0.05 
level. Significant effects in the omnibus tests were 
taken as justification for further specification by 
post-hoc Fisher’s LSD tests. Unless stated other­
wise, data are presented as mean ± standard error 
of mean (SE).
Results
In total, 13% of all trials were discarded because 
subjects made errors, and/or pretrigger electro­
myographic (EMG) activity was detected.
Voluntary movements
Examples of voluntary thumb movements of one 
of the subjects are shown in Figure 4.4. On aver­
age (N=16), the movement direction deviated 
15.6±2.0 degrees from the precued direction. The 
ANOVA showed that average movement direc­
tions were significantly different between all five 
precue conditions [F(4,60)=407.13, p<0.001; all 
pair wise comparisons p<0.001]. Thus, subjects
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Figure 4.4. Example acceleration vectors. 
of voluntary thumb movements First-peak 
acceleration vectors from early-precue 
trials without TMS. Data from one subject. 
The plot shows that each of the five 
precues induced a thumb movement in 
a different direction, with little overlap 
between movements in response to 
different precues.
Precued direction
were able to accurately move their thumb in all five 
directions, with little overlap between movements 
in response to different precues. Figure 4.5 shows 
for each muscle the average RMS amplitudes 
across subjects in the five different movement 
directions. During movement, the thumb muscle 
(measured with electrodes over the abductor pol- 
licis brevis, therefore labelled ‘APB’ throughout 
the paper) displayed the largest EMG amplitudes. 
Furthermore, the thumb muscles were most 
strongly activated during movement directions of 
180°, 225°, and 270° (corresponding to abduction/ 
flexion). The EMG amplitudes of the index finger 
muscle (measured with electrodes over the first 
dorsal interosseus, labelled ‘FDI’) and the wrist 
flexor (measured with electrodes over the flexor 
carpi radialis, labelled ‘FCR’) were much smaller 
than the amplitudes of the thumb muscle indicat­
ing little involvement in any movement direction.
The average RT of the early-precue trials with­
out TMS was 422±23 ms (Figure 4.6). This was 
significantly faster than the late-precue trials 
that had an average RT of 472±17 ms [t(15)=3.03, 
p  < 0.01].
There was a significant reduction in RT when 
a TMS pulse was applied during the preparatory 
interval [F(3,45)=23.45, p<0.001] (see Figure 4.6). 
Post-hoc comparisons showed that a TMS pulse at 
-900 ms or at -300 ms before the response signal 
significantly reduced RT compared to no-TMS 
or to TMS at -100 ms before the response signal 
(pairwise significance levels shown in Figure 4.6).
TMS-evoked movements
Examples of TMS-evoked thumb movements 
in a single subject, obtained at the four stimula­
tion times are plotted in Figure 4.7. Analysis of 
the group results showed that over time a sig­
nificantly increasing proportion of TMS-evoked 
movements fell outside the baseline zone (a 
±30° window centred on the average move­
ment direction during baseline; see Figure 4.8A) 
[F(3,45)=14.74, p<0.001]. Before precue onset, 
40%±5.4% of the TMS-evoked movements fell 
outside this baseline zone and this progressively 
increased to 62%±5.5%. Post-hoc tests revealed 
a significant change in the proportion already 
within the preparatory interval, namely the in-
Figure 4.5. Muscle activity 
during voluntary thumb 
movements. Mean (±SE) root- 
mean-square amplitude across 
subjects (N=16) of the EMG 
activity during the initial 150 
ms of the voluntary response, 
for each of the five precues and 
each of the three EMG channels.
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Figure 4.6.
Mean (± SE) reaction 
time (RT) across 
subjects (N=16), as 
a function of precue 
onset and stimulation 
time. The RT difference 
between the late- and 
the early-precue 
condition strongly 
suggests that at 
least parts of the 
thumb movement 
were programmed 
before the response 
signal occurred. The 
early-precue trials 
without TMS were
also compared to -----------------  ----------------------------
early-precue trials with No TMS TMS
TMS. The post-hoc comparisons showed that TMS reduced the reaction times even further, and that this reduction
was stronger the earlier the TMS pulse was applied. **p<0.01.
crease from 45%±5.3% to 52%±5.3% between 300 
and 100 ms before the response signal [p<0.05]. 
This proportion further increased to 62%±5.5% 
during the response interval [p<0.05]. Compared 
to the baseline, the proportion of TMS-evoked 
movements falling outside the baseline zone was 
increased at -100 and 250 ms [p<0.01 and p<0.001, 
respectively].
Further analyses showed that there were 
no changes in the proportion of TMS-evoked 
movements falling within the target zone (a 
±30° window centred on the precued direction) 
[F(3,45)=0.34, n.s.] (See Figure 4.8B). This result 
was surprising, as we expected an increase in 
the TMS-evoked movements at least during the 
phase after the response signal (cf. Sommer et 
al., 2001). Therefore, we conducted further analy­
ses. An increase in the proportion of movements 
in the precued target zone might be revealed 
for precued directions near the baseline thumb 
movement direction. To this end, we divided the 
precued directions into two categories: a) precued 
directions with a small deviation (<90°) from the 
baseline direction, b) precued directions with a 
large deviation (>90°) from the baseline direction. 
Similar to the initial analysis, we then analysed
the time-dependent change in the proportion of 
TMS-evoked movements falling within the target 
zone for each of these two categories separately. 
As expected, for targets near the baseline direc­
tion a larger proportion fell into the target zone 
than for targets far from the baseline [17.4±3.4% 
vs. 4.5±0.9%; F(3,45)=14.92, p<0.01]. However, 
the ANOVAs did again not reveal any significant 
temporal modulation of the proportion of TMS- 
evoked movements in the target zone, neither for 
targets near the baseline direction [F(3,45)=1.18, 
n.s.], nor for targets far from the baseline direc­
tion [F(3,45)=1.74, n.s.].
Thus after precueing, the direction of TMS- 
evoked thumb movements became increasingly 
less consistent, but we found no indication for a 
specific implementation of the precued direction.
Motor-evoked potentials
The initial three-way ANOVA showed sig­
nificant main effects of muscle [F(2,30)=20.39, 
p<0.001], precue [F(4,60)=9.88, p<0.001], and 
time [F(3,45)=9.88, p<0.01]. All interactions 
were significant [muscle x precue [F(8,120)=9.69, 
p<0.001; muscle x time F(6,90)=3.75, p<0.05; 
muscle x precue x time [F(24,360)=4.33, p<0.01].
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Figure 4.7. Example acceleration vectors of TMS-evoked movements. First-peak acceleration 
vectors of TMS-evoked movements of one of the subjects at the four stimulation times, for all 
precues combined. Black lines show acceleration vectors (magnitude-direction) of individual 
movements. The thick red line depicts the average angle of movements evoked during the 
baseline interval (-900 ms). This angle was used to define the baseline zone (±30°), which 
is marked in light red. Baseline, preparatory, and response intervals are marked by light, 
medium, or dark grey background, respectively (see Figure 4.1). The plots show a decrease in 
the proportion of TMS-evoked movements that fell into the baseline zone, at the end of the 
preparatory interval. This proportion further decreased during the response interval.
0
A  B
Time (ms) Time (ms)
Figure 4.8. Mean proportion (± SE) of TMS-evoked movements as a function of time that fell 
(A) outside the ±30° zone around the baseline direction, or (B) inside the ±30° zone around the 
precue. Baseline, preparatory, and response intervals are marked by light, medium, or dark grey 
background, respectively (see Figure 4.1). Compared to the baseline interval, increasingly more 
TMS-evoked movements fell outside the baseline zone. Thus, the angles of the TMS-evoked 
movements were modulated over time, indicating changes in the thumb movement cortical 
representation. However, there was no increase in the number of TMS-evoked movements that 
fell into the ±30° zone around the precued direction. *p<0.05, **p<0.01.
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Figure 4.9. Motor-evoked potentials. Mean (±SE) normalised 
motor-evoked potential (MEP) amplitudes (N=16) as a function 
of time and precued direction, for the abductor pollicis brevis 
(A), first dorsal interosseus (B), and flexor carpi radialis (C) of the 
moving hand. Baseline, preparatory, and response intervals are 
marked by light, medium, or dark grey background, respectively 
(see Figure 4.1). In (A) the stars denote the significance level of 
omnibus F-test (one-way ANOVA), the corresponding post-hoc 
comparisons are specified in Table 1. In (B) the stars denote the 
significance levels of post-hoc comparisons. *p<0.05, **p<0.01, 
and ***p<0.001. The MEP amplitudes in the Ap B and the FDI 
were significantly modulated during the preparatory and the 
response interval. For the APB, there was a significant effect of 
the precued direction at -100 ms and 250 ms (see Table 4.1). The 
MEPs of the FDI were not differentially modulated by the precue, 
but generally decreased over time. The MEP amplitudes in the 
FCR did not change significantly.
B
Time (ms)
The main effect of muscle indicated that the MEP 
amplitudes differed between muscles, as can be 
seen in Figure 4.9. As expected, TMS over the 
optimal position for evoking thumb movements 
resulted in largest MEPs in the thumb muscle 
(APB), smaller MEPs in the index finger muscle 
(FDI), and smallest MEPs in the wrist muscle 
(FCR). As the three-way interaction indicated that 
the modulation of MEP amplitudes by precue and 
time differed in the three muscles, this effect was 
further specified with a separate two-way ANOVA 
(precue x time) for each muscle.
MEP amplitudes of the APB were significantly 
modulated by the precue [F(4,60)=13.87, _p<0.001]. 
The effect of time was not significant [F(3,45)=2.77, 
n.s.], but there was significant precue x time inter­
action [F(12,180)=5.28, p<0.01]. This interaction 
pointed to a differential effect of the precue across 
the four time points. To determine at which time 
points the precue differentially modulated the 
MEP amplitude, separate one-way ANOVAs with 
the factor precue were conducted on the MEP 
amplitudes at each of the four stimulation times. 
This showed that at -900 ms (baseline) and -300 
ms the MEP amplitudes were not different for 
the five precues [F(4,60)=0.48 and F(4,60)=2.09 
respectively, both n.s.]. However, at -100 ms and 
250 ms, there was a significant effect of precue 
on the MEP amplitudes [F(4,60)=8.83, p<0.001; 
F(4,60)=11.32, p<0.001; respectively]. Post-hoc 
comparisons revealed that at -100 ms and at 250 
ms, the MEP amplitudes in the conditions with
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Table 4.1.
Post-hoc comparisons of APB MEP amplitudes.
Pairwise comparison -100 ms 250 ms
90° vs. 180° p<0.05 p<0.01
90° vs. 225° p<0.01 p<0.01
90° vs. 270° p<0.01 p<0.05
135° vs. 180° n.s. p<0.001
135° vs. 225° p<0.01 p<0.001
135° vs. 270° p<0.01 p<0.01
180°, 225°, 270° precues were significantly small­
er than in conditions with 90° and 135° precues 
(pairwise significance levels detailed in Table 1).
The MEP amplitudes of the FDI were sig­
nificantly modulated by time [F(3,45)=20.20, 
p<0.001], but not by precue [_F(4,60)=0.83, n.s.]. 
The precue x time interaction was not significant 
[_F(12,180)=2.02, n.s.]. Post-hoc comparisons 
showed that FDI MEP amplitudes progressively 
decreased from -900 (baseline) through -100 ms, 
and remained unchanged from -100 through 250 
ms (pairwise significance levels detailed in Figure 
4.9B).
The MEP amplitudes of the FCR were not dif­
ferent between precues [_F(4,60)=0.57, n.s.], nor 
stimulation times [_F(3,45)=2.89, n.s.], and that 
there was no interaction between these factors 
[F(12,180)=0.75, n.s.] (Figure 4.9C).
In short, the MEP amplitudes from the thumb 
and the finger muscles were modulated during 
the preparatory interval and the response inter­
val. For the finger muscle this effect was similar 
regardless of the direction conveyed by the precue. 
For the thumb muscle the effect of the precue de­
pended on the time point in the trial. There was 
a significant precue effect during the preparatory 
interval, as well as during the response interval. 
The MEP amplitudes in the wrist muscle remained 
unchanged.
Background muscle activity
The ANOVAs on the pretrigger EMG RMS am­
plitudes showed that there was no modulation of 
background muscle activity over time in the APB 
[F(3,45)=1.77,n.s.], in the FDI [F(3,45)=1.40,n.s.], 
and in the FCR [F(3,45)=0.59, n.s.]. Thus, the ob­
served changes in TMS-evoked movements or 
MEP amplitudes can not be explained by changes 
in background muscle activity.
Discussion
The aim of this study was to examine the ef­
fects of prior knowledge about the direction of 
an impending thumb movement on both the 
thumb movement representation (reflected by 
TMS-evoked movements) and on corticospinal 
excitability (measured as changes in MEP ampli­
tudes). Our data show that during the preparation 
of a directed thumb movement progressive chang­
es in TMS-evoked movements occur. We found 
that the direction of TMS-evoked movements be­
came increasingly unpredictable but contrary to 
our expectation, the TMS-evoked movements did 
not change towards the precued direction (Figure
4.8). However, the MEP amplitudes did show a 
precue specific modulation of corticospinal excit­
ability in the thumb muscle while other muscles 
only displayed a-specific excitability decreases 
over time or no modulation at all.
In the early-precue task, TMS was given in 
78% of the trials. Since supra-threshold TMS 
evoked a thumb movement itself, the TMS pulse 
can be conceptualized as a perturbation that in­
terferes with preparatory processes. To control 
for a direct interference of TMS on voluntary 
movement and reaction time, we regarded only 
data of trials without TMS. On a more general 
level, some kind of strategic compensation for ex­
pected TMS perturbations might have influenced 
the subjects in the early-precue task. Neverthe­
less, the behavioural data show that this did not 
abolish the intended experimental manipulations 
and that the subjects’ performance conformed to 
the task’s requirements. The actual direction of
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the voluntary thumb movements closely matched 
the direction instructed by the precue. Moreover, 
the five precues elicited voluntary thumb move­
ments in five distinct directions. Thus, the precue 
induced the programming of a thumb movement 
in the corresponding direction. When the re­
quired movement direction was precued early in 
the preparatory interval reaction time was much 
faster than when the direction was precued at 
the end of the interval, in agreement with previ­
ous work (Rosenbaum, 1980; Anson et al., 2000; 
Riehle, 2005). This strongly suggests that parts of 
the thumb movement were programmed before 
the response signal occurred.
The thumb movement representation un­
derwent progressive changes during motor 
preparation. The increased variability of TMS- 
evoked movements became apparent already 
during the preparatory interval. It is tempting to 
assume that these changes were evoked by the 
directional information conveyed by the pre­
cue. However, as there was no indication that 
the TMS-evoked movements turned towards the 
precued direction, we cannot conclude whether 
or not these changes were due to implementation 
of the direction of the thumb movement (Figure
4.8). That said, the MEP data revealed that the 
directional information of the precue was in­
tegrated into the preparation on the level of the 
motor output system, because it affected corticos­
pinal excitability in a muscle, time, and precue 
specific manner (Figure 4.9). The electrodes to 
measure the EMG of the thumb were placed 
above the APB, which is the predominant mus­
cle for abduction movements. Directly besides 
the APB lies the flexor pollicis brevis, the muscle 
responsible for thumb flexion. When the precue 
instructed an abduction/flexion movement the 
MEP amplitudes from the thumb musculature 
were significantly lower than when the precue in­
structed an abduction/extension. In addition, this 
effect was present only at 100 ms before and 250 
ms after the response signal and it was specific to 
the thumb musculature. The MEP amplitudes of
the index finger muscle, not primarily involved in 
thumb movements, progressively decreased dur­
ing the preparatory interval, but this decrease was 
not different between precues.
In accordance with previous work (Davranche 
et al., 2007; Duclos et al., 2008; Hasbroucq et al., 
1999b; Hasbroucq et al., 1997; Hasbroucq et al., 
1999a) our data indicate that corticospinal inhibi­
tion is a prominent aspect of motor preparation. 
Both the movement agonist and a neighbouring 
muscle showed decreases in corticospinal excit­
ability during the preparatory delay. It is possible 
that a non-specific activation by the warning sig­
nal had initially increased MEP amplitudes and 
that they subsequently returned to resting levels, 
because baseline measures were obtained after the 
warning signal was presented. More likely, the in­
hibitory effects in our data are partly related to the 
timing of the early precue. Corticospinal inhibi­
tion is typically pronounced with relatively short 
intervals of about 500 ms and was not expected 
to play a major role in our task. Originally, we 
conceptualized the preparatory interval of our 
tasks as the interval between the neutral warning 
signal and the response signal, which was 1200 
ms. However, the occurrence of the early precue 
halfway the preparatory interval provided an 
additional temporal cue (i.e. warning signal) to 
the subjects. As such, the early precue gave rise 
to a new sub-interval of 600 ms. Such intervals 
are prone to corticospinal inhibition (Touge et 
al., 1998; Davranche et al., 2007; Hasbroucq et 
al., 1997; Hasbroucq et al., 1999b; Hasbroucq et 
al., 1999a). Recent work suggests that motor in­
hibition plays a role in withholding general motor 
activation caused by warning signals (Boulinguez 
et al., 2008). Another aspect that may have boost­
ed motor inhibition is the inclusion of no-go 
trials. The no-go trials were included to prevent 
premature (i.e. before a response signal) response 
tendencies, which is important when investigating 
purely preparatory processes. However, the no- 
go trials introduced uncertainty about the actual 
requirement of a movement. As a consequence,
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any response tendencies had to be suppressed 
until the subject was certain about the need for 
a response. Such a ‘corticospinal braking mecha­
nism’ may have caused the observed reduction of 
MEP amplitudes across the preparatory interval 
(Duclos et al., 2008; Davranche et al., 2007; van 
Elswijk et al., 2007). These considerations should 
be taken into account in future TMS studies on 
motor preparation. Experimental designs with­
out catch trials and/or using variable or relatively 
long preparatory intervals may significantly re­
duce inhibitory tendencies, although recent data 
suggests that long or variable intervals not neces­
sarily eliminate motor inhibition (van Elswijk et 
al., 2007; Duclos et al., 2008).
In an earlier study, Sommer and colleagues 
showed that TMS-evoked movements follow the 
intended direction during the end of the response 
interval (Sommer et al., 2001). What can explain 
that in the response interval of our experiment the 
TMS-evoked movements did not correspond to the 
intended movement direction? In the experiment 
of Sommer et al. the TMS-evoked movements 
did not follow the intended direction until 90 
ms before movement onset. This corresponds to 
the time at which the pre-movement increase in 
corticospinal excitability starts (Yamanaka et al., 
2002; Leocani et al., 2000; Chen et al., 1998; Som­
mer et al., 2001; Rossini et al., 1988; McMillan et 
al., 2006; McMillan et al., 2004). A sharp increase 
in MEP amplitudes in that period would suggest 
the release of the corticospinal brake (Reis et al., 
2008). The reaction times and MEP data in our 
study indicate that the pre-movement excitability 
increase had not been initiated at the latest stimu­
lation time (250 ms after response signal). It has 
been suggested that motor inhibition secures the 
development of a motor plan without leading to 
premature output (Davranche et al., 2007; Prut 
& Fetz, 1999). Hence we believe that in our ex­
periment the movement direction was integrated 
into the motor plan, but the program could not 
be released (either by TMS or voluntarily) due to 
a superimposed braking mechanism. After this
brake had been withdrawn, the involved muscles 
became facilitated in correspondence to the pa­
rameters of the forthcoming movement.
Conclusion
We have shown that during preparation of a vol­
untary thumb movement, corticospinal output 
probed by TMS-evoked movements displays a 
progressive modulation. TMS-evoked movements 
increasingly deviated from the baseline direction, 
but did not turn towards the precued direction. 
The modulation of TMS-evoked movements 
over the preparatory interval was accompanied 
by inhibitory changes in corticospinal excitabil­
ity that were muscle specific and depended on 
the prepared direction (implying that direction­
al information was integrated). Earlier studies 
have shown that shortly before movement onset, 
when corticospinal excitability increases sharply, 
TMS-evoked movements do turn to the intended 
direction. Taken together, this suggests that during 
preparation, a corticospinal braking mechanism is 
active to counteract concurrent facilitatory proc­
esses. This inhibition ceases just before movement 
onset, releasing the intended ovement.
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Chapter 5: Rhythmic gain modulation
Rhythmic synchronization of neurons occurs ubiquitously, and it might subserve functional roles through modulating the strength of neuronal interactions. We 
found that rhythmically synchronized activity of a neuronal group modulates the ef­
ficacy of synaptic input to that group. Input coinciding with phases of rising activity 
evoked larger responses than input coinciding with phases of falling activity. This 
response modulation was not an addition of rhythmic activity onto the average re­
sponse, but a rhythmic modulation of multiplicative input gain. Thereby, phase and/ 
or precision of rhythmic synchronization between neuronal inputs and targets could
determine the input gain across multiple 
evant time scales. Such gain modulation 
central nervous system.
Introduction
Interactions among activated neuronal groups 
often result in their rhythmic synchronization in 
the beta- and/or gamma-frequency band (Gray et 
al., 1989; Pesaran et al., 2002; Bragin et al., 1995; 
Schoffelen et al., 2005; Scherberger et al., 2005; 
Buschman & Miller, 2007; Wehr & Laurent, 1996). 
Such synchronization has been implicated in nu­
merous nervous system functions, but it can only 
fulfill those functions if it affects neuronal inter­
actions in turn (Buzsaki, 2006). Interactions are 
affected when the gain of one neuronal group’s 
input to another group is modulated (Reynolds et 
al., 1999; Andersen et al., 1985; Salinas & Thier, 
2000). Such gain modulation might be entailed 
directly by a neuronal group’s rhythmic activity, 
in the form of rhythmic gain changes (Schoffelen 
et al., 2005; Mishra et al., 2006; Börgers & Kopell, 
2008; Womelsdorf et al., 2007; Fries, 2005).
To test this hypothesis, we recorded the elec­
tromyogram (EMG) of the first dorsal interosseus 
muscle while subjects («=13) held this muscle 
isometrically contracted (Figure 5.1). During iso­
metric contraction, the motor system engages in 
rhythmic synchronization in the beta-frequency 
range (Schoffelen et al., 2005; Conway et al., 1995). 
This beta-band synchronization involves also the 
muscle, as can be seen from the rhythmicity of 
the example EMG in Figure 5.1B and the beta-fre- 
quency peak in the average EMG power spectrum 
in Figure 5.1D. Muscle fibers form motor units
cycles of a rhythm, i.e. on behaviorally rel­
is a major computational principle of the
with their innervating spinal motorneurons. EMG 
recordings from the muscle therefore correspond 
to slightly (~8 ms) delayed recordings of multi­
unit activity (MUA) from a functional group of 
spinal motorneurons. These spinal motorneurons 
receive synaptic input among others from motor 
cortex contralateral to the respective muscle. We 
applied transcranial magnetic stimulation (TMS) 
to contralateral motor cortex in order to generate 
precisely timed cortico-spinal input volleys. TMS 
pulses were given at random times relative to the 
spinal beta-rhythm. This enabled us to test whether 
the phase of the spinal beta-rhythm, at which the 
input arrived, modulated this input’s gain. Gain is 
determined by the ratio between input and output. 
The spinal output generated after a TMS pulse is 
a muscle twitch that corresponds to the motor- 
evoked potential (MEP) in the EMG recordings 
(Figure 5.1C). We assessed the peak-to-peak am­
plitude of the MEP as a function of the beta-phase 
at which the TMS pulse was applied. To this end, 
we sorted the trials into bins according to the 
beta-phase immediately preceding the TMS pulse 
(Figure 5.2A) and determined the MEP amplitude 
separately for each phase bin (Figure 5.2B). MEP 
amplitude was a smooth cosine-shaped function 
of pre-TMS beta-phase (Figure 5.2C). This dem­
onstrates that the motor system’s physiological 
beta-rhythm entails rhythmic gain changes. One 
important concern is that the observed effect 
might be due to a simple addition of the average
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Figure 5.1. Experimental design, example data, and task-induced rhythmic activity. A) Subjects were required 
intermittently (70 s per epoch, separated by rest periods) to produce an EMG output with their index finger, 
at 15% of the amplitude measured during an earlier maximal voluntary contraction. Subjects received visual 
feedback about the required and the actual output level. During each epoch, 14 TMS pulses were applied, with 
intervals of 5.1 s between consecutive pulses. B) Example pre-TMS EMG trace: Rhythmic spinal motorneuron 
activity in the epoch just prior to the TMS pulse (downward arrow) was assessed by a Fourier decomposition of 
the EMG amplitude envelope. C) The spinal response was assessed by the peak-to-peak amplitude of the TMS- 
evoked muscle response, the motor evoked potential (MEP). D) Grand-average e Mg  power spectrum (n=13) 
indicative of rhythmic activity predominantly in the 10-30 Hz frequency range.
2
B
D
MEP and the beta-rhythm. Rhythmicity entails 
that the state of the rhythmic system at one time 
point is at least partly predictive of the state some 
time thereafter. Correspondingly, when we sorted 
the trials according to the pre-TMS EMG phase, 
we implicitly constrained the EMG phase also for
the time immediately post-TMS. The MEP occurs 
about 20-25 ms post-TMS and if the EMG phase 
during the MEP were constrained as a function 
of pre-TMS phase, then the observed effect might 
be due to a simple addition of the phase-con­
strained beta-rhythm and an unmodulated MEP
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The best estimator for the unmodulated MEP is 
the average MEP across all trials. We compiled 
this average MEP and mathematically added it to 
EMG epochs that were phase-constrained like the 
post-TMS epochs, but that lacked a TMS pulse. 
This direct estimation of a potential additive com­
ponent revealed that such a component, if present 
at all, was negligible (Figure 5.2D). Nevertheless, 
all subsequent analyses were performed with and 
without subtracting the estimated additive com­
ponent and this had no appreciable effect on any 
of the results.
The results illustrated in Figure 5.2 for one ex­
ample subject were found consistently across the 
group of 13 subjects. Per subject, we quantified 
the phase-dependent MEP modulation by fitting a 
cosine function and normalized the cosine modu­
lation depth by the standard deviation of the MEP 
across trials. This normalized cosine modulation 
depth was averaged across subjects and compared 
to a bias estimate (Figure 5.3A). The entire pro­
cedure described so far for the beta-rhythm was 
performed for a range of frequencies. Between 10 
and 44 Hz, the phase dependent gain modulation
was significant across subjects (Figure 5.3A). The 
spectral pattern of phase-dependent gain modula­
tion (Figure 5.3A) was very similar to the power 
spectrum of the EMG (Figure 5.1D).
So far, we considered the beta-rhythm in 
the spinal cord (as measured by EMG) and the 
TMS-triggered synaptic input to the spinal cord. 
However, the TMS pulse is applied to the motor 
cortex, and the spinal beta-rhythm is (partially) 
coherent with the motor cortical beta-rhythm 
(Schoffelen et al., 2005; Conway et al., 1995). Cor­
respondingly, the observed effect might have its 
origin in the motor cortex and become visible in 
the spinal cord because of the (partial) cortico­
spinal coherence (Figure 5.4). A cortical origin of 
the effect would be in line with our interpretation, 
which is independent of the location of the effect. 
Yet, in order to test for a cortical origin, we had si­
multaneously recorded the electroencephalogram 
(EEG) over motor cortex. The EEG reflects syn­
chronized activity of underlying neuronal groups. 
We repeated the analysis, but this time relating 
the MEP amplitude to the pre-TMS phase of the 
EEG. This analysis did not reveal any significant
A B
Figure 5.2. Pre-TMS phase determines 
MEP amplitude. A) Gray vectors illustrate 
the pre-TMS phase of the EMG. Circle 
segments illustrate the phase binning 
and the colors signify phase consistently 
in (A) through (D). B) MEP averages per 
phase bin (18 Hz) from one example 
subject. C) Peak-to-peak amplitudes 
of those MEPs as a function of pre-TMS 
phase of the EMG (mean across phase 
bins subtracted). The dashed line is a 
least-squares fitted cosine function. The 
phase dependent MEP modulation was 
quantified as the modulation depth 
(denoted by the symbol D) of the fitted 
cosine function. D) Estimation of a 
potential MEP modulation through 
simple addition of rhythmic activity on 
the average MEP (same example subject; 
see main text and methods for details).
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Figure 5.3. Group level results. 
A-D) Frequency spectra of MEP 
amplitude modulation by pre-TMS 
neurophysiological activity. To test for 
significance, the observed spectra (solid 
lines) were compared against their bias- 
estimates (broken lines; see Methods). 
Shaded areas indicate frequency 
bands with significant modulations 
(n=13 subjects; p<0.05, non-parametric 
randomization test, corrected for 
multiple comparisons). A) Modulation 
of MEP by pre-TMS phase of the EMG. 
To combine data across subjects, the 
MEP modulation was normalized by 
the standard deviation across trials, 
estimated with a jackknife procedure. B) 
Same as (A), but for pre-TMS phase of the 
EEG recorded over the corresponding 
motor cortex. C) Spearman correlation 
coefficients between MEP amplitude 
and pre-TMS power of the EMG. D) 
Same as (C), but for pre-TMS power of 
the EEG.
0
0
effect (Figure 5.3B). While this negative finding 
does not exclude a cortical contribution, it does 
render it highly unlikely. In turn, it does not call 
the spinal findings into question nor does it re­
strict their generalizability. On the one hand, the 
spinal effect might not be visible when using the 
EEG, because the EEG is only partially coherent 
with the spinal beta-rhythm. On the other hand, a 
similar cortical gain modulation effect might only 
become visible when the gain of synaptic input in 
cortex is investigated. By contrast, the current cor­
tical analysis probed whether beta-phase would 
modulate the impact of TMS, which is conveyed 
predominantly through direct electromagnetic 
stimulation of the cortico-spinal cells and their 
axon initial segments.
Finally, we considered that the observed effect 
might be due to a confounding role of EMG pow­
er. Variance in EMG power can typically explain 
part of the variance in MEP amplitude (Hess et al., 
1987). The observed relation between MEP ampli­
tude and pre-TMS EMG phase might therefore be 
confounded by a potential relation between pre- 
TMS EMG phase and pre-TMS EMG power. We 
therefore tested whether pre-TMS EMG power
predicted MEP amplitudes and found no relation 
(Figure 5.3C). The absence of a relation between 
EMG power and MEP amplitude in our data is 
likely due to the fact that visual online feedback 
of the EMG resulted in a very small EMG power 
variance. We tested also whether MEP amplitude 
is related to the pre-TMS power of EEG and also 
this analysis did not reveal any significant relation 
(Figure 5.3D).
Having established that the spinal beta-rhythm 
entails a rhythmic gain modulation, we asked 
whether the phase-gain relationship was physi­
ologically plausible. To this end, we selected for 
each subject the beta-rhythm phase bin that re­
sulted in maximal gain and investigated the EMG 
from the trials in that bin (Figure 5.5A, B). This 
analysis demonstrated that across subjects, TMS 
pulses resulting in maximal MEPs were preceded 
by a specific beta-rhythm phase. This phase was 
obtained at the EMG level while the TMS pulse 
was delivered at the cortical level. In order to es­
timate the corresponding, optimal, phase at the 
spinal cord level, we could simply extrapolate the 
phase obtained at the EMG level to the latency of 
the MEP (gray cosine in Figure 5.5B). The MEP
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Figure 5.4. Average cortico-spinal coherence 
spectra (n=13 subjects; unbroken lines), and their 
bias-estimates (broken lines). Shaded areas indicate 
significance (p < 0.05, non-parametric randomization 
test, corrected for multiple comparisons). A) Cortico­
spinal coherence contralateral to the active muscle. 
B) Cortico-spinal coherence ipsilateral to the active 
muscle. C) Topography of average beta-to-gamma 
band (10-40 Hz) coherence.
results from a spinal output volley that travels 
to the muscle at the same speed as the ongoing 
beta-rhythmic volleys. Therefore, the extrapolat­
ed EMG phase at MEP onset corresponds to the 
spinal phase at the moment of spinal output, and 
about 1-2 milliseconds prior to that, the phase for 
maximal spinal input gain can be read. The green 
vertical line in Figure 5.5B indicates the average 
MEP latency and the cosine fit demonstrates that 
maximal spinal input gain occurs around the mo­
ment of steepest EMG rise. Figure 5.5 C and D 
illustrate that minimal spinal input gain occurs 
around the moment of steepest EMG decline. 
Thus, the response is greatest when the input co­
incides with the rise in ongoing rhythmic activity, 
and vice versa.
This phase-gain relationship is likely due to 
rhythmic inhibition involved in the rhythmic
synchronization of the local spinal network. Such 
rhythmic inhibition typically lags excitation by a 
quarter cycle (Hasenstaub et al., 2005; Csicsvari 
et al., 2003), and thereby is smallest during the 
rise of excitation, which is assessed by our EMG 
recordings. The consequence of this phase-gain 
relationship is that input and target activity are mul­
tiplied with each other, and the effective synaptic 
strength is modulated essentially instantaneously 
according to the temporal match between the two. 
The precise temporal match between input and 
target activity leads also to long-term changes in 
synaptic efficacy and this phenomenon has been 
termed spike-timing dependent plasticity (STDP) 
(Markram et al., 1997; Bi & Poo, 1998). In analogy, 
we suggest to call the phenomenon described here 
spike-timing dependent gain or STDG.
Materials and methods
Subjects
Thirteen healthy volunteers participated in the 
experiment (five females, age range 23-31). All 
subjects had normal or corrected-to-normal 
visual acuity; ten were right-handed, the other 
three were left-handed (mean handedness scores 
of 89±19 (SD) and -88±19, respectively; Oldfield, 
1971). None of the subjects had a history of neu­
rological illness or neurosurgery, nor any metal or 
electronic implants. The protocol was approved 
by the local ethics committee and all subjects gave 
written informed consent before the experiment.
Behavioral task
Subjects were seated in front of a computer screen. 
The left hand rested on the left thigh. The right 
hand rested, palm down, on a wooden plate 
placed on the right thigh. On the plate, there were 
two parallel wooden beams that were adjusted 
such that the digits 2-5 fitted snugly between 
them. We measured the electromyogram (EMG, 
see below for details) from the first dorsal interos- 
seus (FDI) muscle (musculus interosseus dorsalis 
prim us). Before the task, subjects were asked to 
perform maximal voluntary contractions (MVC)
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twice with a one minute pause in between. The av­
erage EMG amplitude of these two attempts was 
defined as the EMG amplitude during MVC. Dur­
ing the task, subjects were required to maintain an 
isometric abduction of their right index finger to 
produce an EMG amplitude of 15% of the value 
during MVC. Continuous EMG amplitude feed­
back was provided via a cursor on the computer 
screen, and subjects were instructed to keep the 
cursor as steady as possible on a horizontal line 
that indicated the required amplitude. The color of 
the cursor indicated whether the subjects should 
rest (red cursor) or perform the task (green cur­
sor). Subjects were required to perform the task 
for periods of 70 s, interleaved with rest periods of 
30 s. Six task plus rest periods formed a block and 
subjects completed five blocks. In between blocks, 
subjects were given rests of 3 minutes. During the 
voluntary contractions, magnetic stimuli (TMS, 
see below for details) were applied with an inter­
trial interval of 5.1 s. A total of 420 trials (TMS 
pulses) were obtained during an experimental 
session. The entire session lasted one hour.
Figure 5.5. Synaptic input 
is most effective when it 
arrives at the rising phase 
of the spinal beta-rhythm. 
A) Pre-TMS epochs of EMG 
preceding maximal MEPs, i.e. 
belonging to the pre-TMS 
phase-bin (18 Hz) associated 
with the largest average 
MEP amplitude. Each pixel 
row corresponds to one trial 
from the subject indicated 
on the y-axis, smoothed with 
a 40-trial boxcar window. B) 
Average of the epochs shown 
in (A). The fitted cosine (light 
gray) is continued to the time 
of MEP onset to estimate the 
phase of the spinal beta­
rhythm at the time of TMS- 
induced synaptic input to 
the spinal cord (for detailed 
explanation see main text).
C,D) Same as (A,B), but for 
EMG recordings preceding 
minimal MEPs.
Electrophysiological recordings
EMG activity from the FDI muscle was recorded 
bipolarly, using two Ag/AgCl electrodes, one on 
the muscle tendon and one on the muscle belly 
(‘belly-tendon’ arrangement). EMG signals were 
amplified (gain 1000) and band-pass filtered 
(2-1000 Hz) using an EKIDA amplifier (EKIDA 
GmbH, Helmstadt, Germany), before being digi­
tized (0.15 ^V/bit, 10000 Hz) by a CED Power 
1401 interface (Cambridge Electronic Design Ltd., 
Cambridge, UK). The impedance of EMG elec­
trodes was below 20 kOhms.
Neuronal activity in bilateral motor cortex 
was assessed with electroencephalography (EEG). 
EEG was recorded from 24 Ag/AgCl electrodes 
positioned as indicated in Figure 5.6. The refer­
ence electrode was placed on position Fpz, the 
ground electrode was placed on position Fp1. 
Vertical and horizontal electro-oculograms (EOG) 
were recorded bipolarly via supra-suborbital and 
right-left canthal montages, respectively. The EEG 
and EOG signals were filtered (DC-500 Hz) and 
digitized (0.17 ^V/bit, 2000 Hz) using a Synamps
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Figure 5.6. A) Hjorth 
derivation. B) Radial 
projection of the EEG 
electrode positions and 
corresponding electrode 
labels. The electrode 
montages resulting from 
the Hjorth transformation 
are depicted in black.
A B
amplifier (Neuroscan, Herndon, VA). The im­
pedance of EEG (EOG) electrodes was below 5 
kOhms (20 kOhms).
All signals were recorded continuously during 
the entire duration of the task.
Magnetic stimulation
Transcranial magnetic stimulation (TMS) was 
applied using a circular coil (diameter 90 mm) 
connected to a Magstim BiStim2 stimulator 
(Magstim Company, Whitland, UK). The coil 
was positioned over the vertex of the skull with 
the “A-side” visible, and fixated with a mechanical 
support. In this way, each stimulus induced a pos­
terior-anterior current flow through the left motor 
cortex. At the beginning of an experimental ses­
sion, the active motor threshold was determined. 
To this end, TMS was applied while subjects main­
tained ongoing voluntary contraction of the FDI at 
15% of the subject’s MVC. Active motor threshold 
was defined as the minimum stimulation intensity 
that elicited a motor evoked potential (MEP) of 
greater than 200 |TV peak-to-peak, in at least five 
out of ten successive stimulations. Magnetic stim­
ulation intensity during task performance was set 
to 110% of the subjects’ individual active motor 
threshold. On average, the stimulus intensity used 
was 35%±6% (SD) of maximum stimulator output 
(2.0 T).
Electrophysiological signal preprocessing 
Data were analyzed offline using the FieldTrip 
open source MATLAB toolbox (http://www.ru.nl/ 
fcdonders/fieldtrip/; MathWorks, Natick, MA) for 
neurophysiological data analysis developed at the 
F.C. Donders Centre for Cognitive Neuroimaging.
Artifact rejection was performed on epochs 
of 400 ms ending at the TMS pulse. A trial was 
discarded if the EEG from the respective epoch 
contained eye blinks, horizontal or vertical eye 
movements, or muscle artifacts. On average, an 
experimental session yielded 296 artifact free 
trials.
The powerline artifact in the EEG data was re­
moved using the following procedure. All signals 
had been recorded continuously for the entire 
duration of the recording session. For each 400 
ms epoch (in which the EEG was free of eye and 
muscle artifacts), we took the 1 s epoch that con­
tained this 400 ms epoch at its end (and thereby 
also ended with the TMS pulse). We then calcu­
lated the discrete Fourier transform (DFT) of the 
1 s epoch at 50 Hz, 100 Hz, and 150 Hz without 
any tapering. Because the power-line artifact is 
of a perfectly constant frequency, the 1 s epoch 
contains integer cycles of the artifact frequen­
cies, and all of the artifact energy is contained in 
those DFTs. We then constructed 50, 100, and 150 
Hz sine waves with the amplitudes and phases as
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estimated by the respective DFTs and subtracted 
those sine waves from the 1 s epoch. Power spec­
tra of the cleaned 1 s epochs demonstrated that all 
artifact energy was eliminated, leaving a notch of 
a bin width of 1 Hz. In subsequent analyses, the 
400 ms epochs of interest were then cut out of the 
cleaned 1 s epochs. In the actual spectral analy­
sis, the spectral smoothing was between ±3.5 Hz 
and roughly ±35 Hz, making the notch typically 
invisible.
The resulting EEG epochs were linearly de­
trended and Hjorth transformed (Hjorth, 1975; 
Mima & Hallett, 1999). During the Hjorth trans­
formation, a sample-wise subtraction is performed 
between the potential of one electrode and the av­
erage potential of its four next neighbors (Figure 
5.6A). The Hjorth transformation reduced the 
original 24 EEG channels to 10 channels (Figure 
5.6B).
The raw EMG signal was cut into epochs of 
±1.1 s around the TMS pulse. These epochs con­
tained a small TMS artifact that was restricted to 
the first 1.5 ms (15 samples) after the TMS pulse. 
The EMG signal was band-pass filtered between 
10 and 400 Hz (4th order Butterworth). Filtering 
was performed only forward in time, i.e. causal, 
to prevent any post-TMS effect from leaking into 
pre-TMS time. Subsequently, the pre-TMS EMG 
was demodulated in order to estimate the EMG 
amplitude. In agreement with previous literature, 
we will address the EMG amplitude often sim­
ply as EMG. During demodulation, the signal is 
Hilbert transformed, which gives the analytic sig­
nal, and then the absolute of the analytic signal 
is taken. This corresponds to an estimate of the 
time-varying total power of the EMG signal. The 
demodulation results in a signal that is similar to 
full wave rectification of the EMG signal (Myers 
et al., 2003). The post-TMS EMG signal was not 
demodulated, because it was used for determin­
ing the MEP.
Finally, the EMG data were down-sampled (af­
ter anti-alias filtering) to the sampling rate of the 
EEG data (2000 Hz) and the data segments were
reduced to lengths of 1 s: One set of EMG ampli­
tude recordings (demodulated EMG signal) from
1 to 0 s prior to the TMS pulse and one set of EMG 
recordings (not demodulated EMG signal) from 0 
to 1 s after the TMS pulse.
Spectral analysis of pre-stimulus epochs 
The EMG amplitude is modulated rhythmi­
cally, demonstrating rhythmic synchronization 
of spinal alpha-motoneurons. During the weak 
isometric contraction used here, this rhythmic 
synchronization is dominated by components 
in the beta-frequency band (12-30 Hz). We hy­
pothesized that the size of the MEP depends on 
the phase of this EMG rhythm at which the TMS 
pulse is delivered. To test this hypothesis, we first 
needed to estimate the phase of the EMG rhythm 
immediately preceding the TMS pulse. We did 
this for all frequencies between 10 and 70 Hz, 
in steps of 1 Hz. For each frequency, we used an 
epoch that had a length of two cycles at that fre­
quency and that ended with the TMS pulse. This 
epoch was multiplied with a Hanning taper and 
Fourier transformed to give the phase and ampli­
tude at the respective frequency.
Assessing the relation between pre-TMS EMG 
phase and post-TMS MEP amplitude 
We used the frequency-wise estimate of the pre- 
TMS EMG phase to bin the trials. We defined 20 
phase bins on the unit circle, with their centers 
equally spaced between -n  and n (Figure 5.2A). 
To each bin, we assigned the 50 trials in which 
the pre-TMS EMG phases were closest to the 
bin’s center phase. Within each group of 50 tri­
als, we then averaged the post-TMS EMG signal 
(non-demodulated) to obtain the MEP (i.e. the 
motor evoked potential) for that phase bin. The 
amplitude of the MEP was quantified by its peak- 
to-peak amplitude, i.e. the difference between the 
lowest and highest value within 15-50 ms after the 
TMS pulse. Also, within each group of 50 trials, 
we averaged (in the complex domain) the phases 
of the pre-TMS EMG rhythm, because this aver­
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age phase per bin always differed slightly from the 
center (or target) phase of the respective phase 
bin. This procedure resulted, per subject and per 
frequency, in 20 pairs (one per phase bin) of pre- 
TMS EMG phase and post-TMS MEP amplitude 
(Figure 5.2C). We then (least-squares) fitted a 
cosine function to the MEP amplitudes as a func­
tion of the EMG phases, in order to quantify their 
dependence.
Note that in the binning procedure, a single 
data epoch was typically assigned to more than 
one bin. For this reason, we chose subsequent sta­
tistical methods (see below) that were not affected 
by this partial dependence between bins.
Estimation of additive component 
The above described phase-binning procedure 
constrained (per phase bin) the phases of the 
pre-TMS EMG within the epoch used for phase 
estimation. Despite the fact that the constraint 
was placed on the phases only within this epoch, 
it also constrained the phases just before and just 
after the epoch. This is because the phases were 
determined for frequency bands of limited width,
i.e. for components with a certain autocorrelation 
length. As a consequence, there might have been 
a modulation of MEP amplitude through a sim­
ple addition of rhythmic EMG activity onto the 
average MEP. To estimate such a putative additive 
component, the following procedure was per­
formed: The spectral analysis as described above 
was performed again, but rather than being end- 
aligned to the TMS pulse, it was now end-aligned 
to the time-point 100 ms before each TMS pulse. 
The phase-binning was done accordingly and we 
refer to this binning as the “control binning”. We 
could then estimate the size of a potential addi­
tive effect. To this end, we created a template 
MEP waveform for each subject, by averaging all 
(non-demodulated) EMG signals from 0 to 0.1 
s post-TMS. This template MEP waveform was 
mathematically added on the (control bin wise) 
averages of the (non-demodulated) EMG signal 
between 0.1 s pre-TMS and the TMS pulse. As in
the regular analysis, this procedure resulted, per 
subject and per frequency, in 20 pairs (one per 
phase bin) of EMG phase and MEP amplitude, 
but now exclusively estimating a potential addi­
tive component. Figure 5.2D shows the results of 
such an analysis in one example subject. There 
was no appreciable additive component in this 
case. To rule out any influence of a potential ad­
ditive component, we subtracted (per phase bin, 
frequency and subject) the estimated additive 
effect throughout our analysis. This had no appre­
ciable influence on any of the results.
Testing significance of EMG phase dependent MEP amplitude 
Figure 5.2C shows that the relation between pre- 
TMS EMG phase and post-TMS MEP amplitude 
was cosine shaped. We therefore quantified it by 
(least-squares) fitting a cosine function with the 
phase unconstrained (shown as dashed line in 
Figure 5.2C). The modulation depth (peak-to- 
peak difference) of the fitted cosine was used as 
estimate of the strength of the relationship. For 
subsequent statistics, which combined cosine 
amplitudes across subjects, these amplitudes were 
normalized by the estimated standard deviation 
of the MEP amplitude. The standard deviation of 
the MEP amplitude was estimated using a jack- 
knife procedure (Efron & Tibshirani, 1993). The 
normalized amplitudes of the fitted cosines were 
computed for all frequencies, yielding a spectrum 
of normalized cosine-fit amplitudes (solid line in 
Figure 5.3A).
Cosine-fits with unconstrained phases have 
amplitudes with a positive bias. We estimated this 
bias per subject by randomly shuffling pre-TMS 
EMG phases (independent variable) versus post- 
TMS MEP amplitudes (dependent variable) and 
repeating the above described analysis. This ran­
domization was repeated 100 times per subject 
and the average was taken as bias estimate of that 
subject. The dashed line in Figure 5.3A shows the 
average bias estimate across subjects.
This gave two spectra per subject: One spec­
trum of the effect and one of the bias estimate. Our
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null-hypothesis was that the effect spectrum did 
not differ from the bias spectrum and hence that 
the two were exchangeable. We tested this, using a 
non-parametric randomization approach (Maris 
& Oostenveld, 2007). We choose this approach 
for several reasons: First, it is free of assumptions 
about the underlying distributions; Second, it is 
not affected by the fact that there was partial de­
pendence (due to overlap) between neighboring 
frequency bins and also neighboring phase bins; 
Third, it offers an elegant way to correct for multi­
ple comparisons. The procedure was as follows:
1) A non-multiple comparisons corrected sig­
nificance threshold was determined.
a. We defined the average difference between 
the effect and the bias as our test statistic. The 
average was taken across subjects and sepa­
rately for each frequency.
b. We randomly exchanged the effect and 
the bias per subject. We did this for all pos­
sible permutations, given our 13 subjects, i.e. 
213=8192 times.
c. After each randomization, we determined 
the test statistic and entered it into a histo­
gram, separately for each frequency.
d. After all possible randomizations, we de­
termined, separately for each frequency, the 
value of the test statistic that corresponded 
to the 95th percentile of this randomization 
distribution. This gave the non-multiple com­
parisons corrected significance threshold for 
a one-sided test. A one sided test was justified, 
because we compared against the bias and the 
effect should never be significantly below the 
bias.
2) A cluster-based inferential statistic was per­
formed with multiple comparisons correction.
a. For all possible permutations (see 1b), we 
determined the frequency-wise test statistic.
b. We compared this test statistic against the 
significance threshold (from 1d), separately 
for each frequency.
c. This resulted in clusters of significant ad­
jacent frequencies for which we determined 
the sum of the test statistic. This sum was our 
cluster-level test statistic.
d. For each randomization, only the largest 
cluster-level test statistic across all clusters 
was retained and placed into a histogram.
e. After all possible randomizations, we de­
termined the value of the cluster-level test 
statistic that corresponded to the 95th percen­
tile of this randomization distribution. This 
gave the multiple comparisons corrected sig­
nificance threshold for a one-sided test (same 
justification for one sided test as above).
f. Steps 2a-c were then done for the non­
randomized data, resulting in clusters with 
corresponding (non-randomized) cluster- 
level test statistics.
g. The non-randomized cluster-level test 
statistics were compared against the multiple 
comparison corrected significance threshold 
from 2e.
Assessing the relation between pre-TMS EMG 
power and post-TMS MEP amplitude 
Although the behavioral task was designed to 
minimize fluctuations in EMG amplitude dur­
ing the recordings, it is well known that changes 
in background EMG levels can influence excit­
ability of the spinal cord motoneurons (Hess et al., 
1987; Hasegaw et al., 2001). To assess whether the 
effectiveness of the TMS-induced synaptic input 
depended on subtle fluctuations in EMG power 
just prior the TMS pulse, the preprocessed data 
epochs were sorted and averaged according to the 
spectral power of the EMG.
Per channel and frequency, EMG epochs were 
binned according to the spectral power. We de­
fined 20 bins, with their centers equally spaced 
between the minimum and maximum power val­
ues obtained for that frequency. To each bin, we 
assigned the 50 epochs of which the power was 
closest to that bin’s center power. Subsequently, 
the power spectra and post-TMS EMG signals
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were averaged within each bin. This procedure re­
sulted, per subject and per frequency, in 20 pairs 
(one per power bin) of pre-TMS EMG power and 
post-TMS MEP amplitude. We then determined 
the Spearman rank correlation coefficient be­
tween the MEP amplitudes and the EMG power 
values, in order to quantify their dependence.
Testing significance of EMG power 
dependent MEP amplitude
Spearman rank correlation coefficients were com­
puted across all frequencies, yielding a spectrum 
of correlation coefficients. While for Spearman 
rank correlation coefficients no bias is expect­
ed, we nevertheless, for consistency, performed 
the same bias estimation procedure as had been 
used for the phase dependence analysis, and con­
firmed bias estimates close to zero (Figure 5.3C,
D, dashed lines). Replacing the estimated bias by 
the expected zero bias left the outcome of statisti­
cal testing unchanged. We estimated the bias per 
subject by randomly shuffling pre-TMS EMG 
power (independent variable) versus post-TMS 
MEP amplitudes (dependent variable) and repeat­
ing the above described analysis for determining 
the Spearman rank correlation coefficients. This 
randomization was repeated 100 times per subject 
and the average was taken as bias estimate of that 
subject. As in the phase dependence analysis, this 
gave two spectra per subject: One spectrum of the 
effect and one of the bias estimate. The significance 
testing therefore proceeded exactly as explained 
above for the phase dependence analysis.
Assessing the relation between pre-TMS EEGphase 
or EEG power and post-TMS MEP amplitude 
During isometric contractions, as used here, there 
is coherence between the muscle activity and the 
neuronal activity in motor cortex contralateral to 
the muscle (Conway et al., 1995; Schoffelen et al., 
2005). Therefore, dependences of the post-TMS 
MEP amplitude on the pre-TMS phase or power 
of the EMG might actually emerge already in the 
motor cortex. In order to investigate this possibil­
ity, we recorded EEG simultaneously, as explained 
above. We determined the pre-TMS EEG phase 
and the pre-TMS EEG power. For all these meas­
ures, we repeated the same analyses as we had 
done for the EMG phase and power, with the fol­
lowing differences:
-  While EMG data had been demodulated in 
order to estimate the EMG amplitude, this was 
not necessary for the EEG data.
-  While there was only one differential EMG 
recording, there were 10 Hjorth transformed 
EEG channels. Only one of them is shown in 
Figure 5.3B,D, namely the one labeled C3, over­
lying contralateral motor cortex. Neither this 
nor any other EEG channel showed significant 
effects, even without correcting for multiple 
comparisons across the multiple channels (but 
correcting for the multiple comparisons across 
frequencies, as in all analyses).
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Chapter 6: Summary and discussion
Large parts of the brain and the spinal cord are involved in the control of movement. Even for 
the simplest of movements, an immense amount 
of computation within and interaction between 
sensory and motor areas of the brain precedes 
and accompanies the eventual activation of the 
muscles through the spinal motor neurons. This 
thesis addressed the preparation and execution 
of relatively simple voluntary hand movements 
in humans. In particular, the reported studies 
focussed on the neurophysiologic changes in the 
corticospinal system (Box 1.1) occurring during 
and before the performance of such movements. 
The experiments employed transcranial magnetic 
stimulation (TMS; Box 1.3) of the motor cortex in 
tasks that either emphasized on the preparatory or 
the executory aspects of the performed movements. 
By combining TMS with electrophysiological 
measurements (electromyography -  EMG, and 
electroencephalography -  EEG; Box 1.2) it was 
examined to which extent the different behav­
ioural states induced by our tasks modulated the 
excitability, the interactions, and the output of the 
corticospinal system.
Overlap of forearm muscles and 
their cortical representations
Representations of different body parts or mus­
cles in the human primary motor cortex overlap 
extensively. At the effector level, most muscles 
are surrounded by and overlap with several 
neighbours as well. This hampers assessment of 
excitability in individual muscles with TMS, even 
if so-called “focal” stimulating coils are used. 
Chapter 2 introduced a novel mapping paradigm 
based on high-density surface EMG to investigate 
the spatial selectivity of TMS in the forearm mus­
culature (Figure 2.1). This chapter also addressed 
the hypothesis that selective stimulation can be 
improved by a voluntary background contrac­
tion of the target muscle. The topographies of 
motor evoked potential (MEP) amplitudes dur­
ing rest and during background contractions of 
two forearm muscles (extensor carpi radialis and
extensor digitorum communis) were mapped 
and compared. The MEP topographies were also 
compared to the amplitude topography of volun­
tary EMG. The results indicate that under many 
conditions a large proportion of the MEP activ­
ity recorded at the surface originated from the 
target muscle’s neighbours (Figure 2.2). There 
was a systematic relation between TMS inten­
sity and the topographic distribution of MEP 
responses during voluntary contraction (Figure 
2.4). With increasing stimulus intensity, the MEP 
topography deviated increasingly more from the 
topography of voluntary EMG. Thus, when stand­
ard EMG montages are used, the recorded MEPs 
are not necessarily evoked in the target muscle 
alone. Stimulation during a voluntary background 
contraction of the target muscle may enhance the 
selectivity of TMS. It however remains essential 
to use stimulus intensities as low as possible, to 
minimize the contribution of surrounding non­
target muscles to the MEP.
The findings in this chapter were taken into 
account in the design of the other studies of this 
thesis, especially Chapters 3 and 5. Although 
previous studies by other groups used forearm 
musculature, it was decided to use movement 
tasks that mainly involved intrinsic hand mus­
cles -  such as the first dorsal interosseus (FDI). 
The FDI is anatomically and functionally rela­
tively isolated, which allowed measuring MEPs 
from the same muscle as the predominant muscle 
in the voluntary movement. Measuring excitabil­
ity changes from individual muscles would have 
been impossible with the overlapping forearm 
musculature.
Corticospinal excitability during 
preparation of voluntary movements
Changes in corticospinal excitability in 
advance of expected movements
Behavioural studies using motor preparation par­
adigms have revealed that increased expectancy of 
a response signal shortens reaction times. Neuro-
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physiological data suggest that in such paradigms 
not only reaction time, but also neuronal activity 
in the motor structures involved is modulated by 
expectancy of behaviourally relevant events. The 
experiments in Chapter 3 directly tested whether 
expectancy of a response signal modulates ex­
citability of the corticospinal system used in the 
subsequent movement (Figure 3.1). Single- and 
paired-pulse TMS over the primary motor cor­
tex was combined with a simple reaction-time 
task with variable preparatory delays (Figure 
3.2). It was found that the subjects’ reaction times 
decreased with increasing response signal expect­
ancy (Figures 3.4 and 3.6). TMS results revealed 
a modulation of corticospinal excitability in cor­
respondence with response signal expectancy 
(Figure 3.5). Besides an increased excitability over 
the time-course of the preparatory delay, corticos­
pinal excitability transiently increased whenever a 
response signal was expected. Paired-pulse TMS 
showed that this modulation is unlikely to be 
mediated by excitability changes in interneuro­
nal inhibitory or facilitatory networks in the 
primary motor cortex (Figure 3.8). Changes in 
corticospinal synchronization or other mecha­
nisms involving spinal circuits are candidates 
mediating the modulation of corticospinal excit­
ability by expectancy.
Changes in corticospinal excitability and in 
the representation of movement direction 
in advance of directed movements 
Many aspects of a movement can be planned well 
before actual execution. Such movement prepara­
tion facilitates reaction time and this is believed to 
be brought about by advance activity in neuronal 
output systems. Preparation of the direction of a 
forthcoming movement has a particularly strong 
influence on both reaction times and neuronal 
activity in the primate motor cortex. Chapter 4 
aimed to find direct neurophysiological evidence 
for the preparation of movement direction in 
humans. Single-pulse TMS was used to evoke iso­
lated thumb movements of which the direction
can be modulated experimentally, for example by 
training or by motor tasks. Sixteen healthy sub­
jects performed brisk concentric voluntary thumb 
movements during a reaction time task in which 
the required movement direction was precued 
(Figure 4.1). It was assessed whether prepara­
tion for the thumb movement lead to changes in 
the direction of TMS-evoked movements and to 
changes in amplitudes of MEPs from the hand 
muscles. When the required movement direction 
was precued early in the preparatory interval, re­
action times were 50 ms faster than when precued 
at the end of the preparatory interval (Figure 4.6). 
Over time, the direction of the TMS evoked thumb 
movements became increasingly variable, but did 
not turn towards the precued direction (Figure
4.8). MEPs from the thumb muscle (agonist) were 
differentially modulated by the direction of the 
precue, but only in the late phase of the prepara­
tory interval and thereafter. MEPs from the index 
finger muscle did not depend on the precued di­
rection and progressively decreased during the 
preparatory interval (Figure 4.9). The results in 
this chapter show that the human corticospinal 
movement representation undergoes progressive 
changes during motor preparation. These changes 
are accompanied by inhibitory changes in corti­
cospinal excitability, which are muscle specific 
and depend on the prepared movement direction. 
This inhibition might indicate a corticospinal 
braking mechanism that counteracts any prepara­
tory motor activation.
Readiness-to-respond is tuned by a well-controlled 
balance between corticospinal facilitation and inhibition 
The reaction time tasks that were employed in 
Chapters 3 and 4 required the subjects respond to 
an impending go-signal as quickly as possible. At 
the same time, the tasks required to withhold any 
hand movements until that go-signal was provid­
ed. Thus, on the one hand it was beneficial for the 
subjects to optimize their readiness-to-respond 
by planning certain aspects of the upcoming 
movement in advance of the go-signal. On the
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other hand, any preliminary response tendencies 
needed to remain suppressed, or at least not lead 
to muscle activity. The MEPs that were measured 
during these tasks suggest that this duality was 
reflected in the modulation of corticospinal excit­
ability. First, the occurrence or mere expectancy 
of a go-signal lead to increases in excitability of 
the corticospinal projections and seemed to be 
confined to the muscles required for the forth­
coming movement. Second, cortical movement 
representations underwent progressive changes 
during the preparatory period. Concurrently, ex­
citability of corticospinal projections not involved 
in the forthcoming movement was suppressed. 
Thus, it seems that readiness-to-respond is tuned 
by a well-controlled balance between corticos­
pinal facilitation and inhibition. The occurrence 
or mere expectancy of response-related events 
dynamically increases excitability of the prime 
mover corticospinal representation, facilitating 
fast responses. Inhibitory mechanisms counter­
balance these excitatory effects in order to prevent 
premature motor output.
Corticospinal interactions during the 
execution of voluntary movements
The chapters that have been described so far report 
how the excitability of the corticospinal system 
changes with altering behavioural states. These 
changes occur on a timescale of tens to hundreds 
of milliseconds. However, it remained to be elu­
cidated how the excitability of motor cortex and 
spinal cord, and their interaction, can adapt to 
such rapidly changing conditions, while the ana­
tomical connections are fixed on this timescale. In 
Chapter 5 we investigated how corticospinal inter­
actions may mechanistically depend on rhythmic 
neuronal activity.
Rhythmic gain modulation through rhythmic 
synchronization in the human motor system 
Interactions among activated neuronal groups 
often result in their rhythmic synchronization 
(Figure 5.4). Such synchronization has been impli­
cated in numerous nervous system functions, but 
it can only fulfil those functions if it affects neuro­
nal interactions in turn. Interactions are affected 
when the gain of one neuronal group’s input to an­
other group is modulated. Such gain modulation 
might be entailed directly by a neuronal group’s 
rhythmic activity, in the form of rhythmic gain 
changes. However, a dependence of input gain 
on the phase of in-vivo, physiological rhythmic 
activity had not yet been demonstrated. Chapter 
5 shows that, in human subjects, the phase of the 
beta-band rhythm in the spinal cord modulates 
the efficacy of synaptic input from the motor cor­
tex to the spinal cord (Figures 5.2 and 5.3). Spinal 
output was greatest when input arrived at times in 
the beta-cycle when spinal activity was rising, and 
vice versa (Figure 5.5). This response modulation 
was not an addition of rhythmic activity onto the 
average response, but a rhythmic modulation of 
multiplicative input gain. Thereby, phase and/or 
precision of rhythmic synchronization between 
neuronal inputs and targets could determine the 
input gain across multiple cycles of a rhythm, i.e. 
on behaviourally relevant time scales. Such gain 
modulation is a major computational principle of 
the central nervous system
Conclusion
The data presented in this thesis provide several 
new insights into the neurophysiology of human 
voluntary hand movements. Excitability in human 
motor cortex and spinal cord is state dependent, 
and is adjusted to behavioural demands on a short 
time scale. Excitability of movement agonists is 
facilitated during actual execution, but also in 
advance of a movement, when a movement is 
expected. Suppression of excitability is not only 
important to inhibit movement antagonists; it also 
prevents agonists to move prematurely, which is a 
critical in many motor preparation tasks. Finally, 
this thesis puts forward a fundamental mecha­
nism through which neuronal excitability can be 
dynamically modulated, namely rhythmic neuro­
nal synchronization.
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Een essentiële taak van onze hersenen is het sturen van interacties met de omgeving. Ma­
nipulaties van de omgeving vinden plaats via het 
zogenaamde motorische systeem. Grote delen van 
het brein en het ruggenmerg zijn betrokken bij de 
aansturing van bewegingen. Zelfs bij de meest 
eenvoudige bewegingen is een immense hoeveel­
heid rekenwerk en interacties tussen sensorische 
en motorische hersengebieden nodig voordat 
uiteindelijk de spieren geactiveerd worden via 
de spinale motorneuronen (Dum & Strick, 1996; 
Hoshi & Tanji, 2007).
Hiërarchie in het motorische systeem
Bewegingen kunnen hiërarchisch worden geclas­
sificeerd, waarbij de opeenvolgende niveaus een 
steeds complexere onderliggende neuronale ar­
chitectuur hebben (Gazzaniga et al., 2002). Op 
ieder niveau worden de spieren uiteindelijk geac­
tiveerd via hetzelfde circuit van motorneuronen 
in het ruggenmerg. Echter, de manier waarop op 
deze motorneuronen worden gerekruteerd is zeer 
verschillend per niveau.
De meest elementaire bewegingen zijn de zoge­
naamde onvrijwillige bewegingen ofwel reflexen. 
Voorbeelden hiervan zijn de strekreflex die op­
treedt na een plotselinge tik op de kniepees en de 
terugtrekreflex na het aanraken van een heet ob­
ject. Reflexen worden tot stand gebracht door het 
ruggenmerg, maar ze kunnen vrijwillig worden 
beïnvloed: Hoewel dit pijnlijk is, is het mogelijk 
om de terugtrekreflex te onderdrukken en je hand 
boven een brandende kaars te houden.
Op het middelste niveau bevinden zich de rit­
mische of automatische bewegingen zoals lopen en 
slikken. In het algemeen worden zulke ritmische 
bewegingen gegeneerd door centrale patroonge- 
neratoren in de hersenstam en het ruggenmerg 
(Rossignol, 1996). Deze patroongeneratoren 
werken in principe autonoom en zijn niet sterk 
afhankelijk van sensorische informatie of bewuste 
controle. Maar, onder normale omstandigheden 
wordt sensorische informatie wel gebruikt om 
deze automatische bewegingspatronen af te stem­
men op veranderende omgevingsfactoren.
Op het hoogste niveau in de hiërarchie staan 
de vrijwillige bewegingen. Vrijwillige bewegingen 
worden voortgebracht door een enorm netwerk 
van neuronale systemen waaronder grote delen 
van de hersenschors (cortex), de hersenstam en 
het ruggenmerg (Porter & Lemon, 1993; Dum & 
Strick, 1996; Dum & Strick, 2005). Verder spelen 
ook subcorticale gebieden zoals de kleine herse­
nen en de basale ganglia een belangrijke rol als 
terugkoppeling- of controlecircuits die de motori­
sche gebieden van de hersenschors en hersenstam 
reguleren.
Een gespecialiseerd systeem voor 
vrijwillige bewegingen
Mensen en andere primaten hebben een vrijwel 
oneindig repertoire aan vrijwillige bewegingen, 
in het bijzonder van de handen. Met onze handen 
vervullen we niet alleen basisbehoeften zoals eten 
en drinken maar kunnen we ook communice­
ren, spelen, schilderen of een computer bedienen. 
Zo’n uitgebreide set aan fijne bewegingen en de 
flexibiliteit daarvan kan niet worden geleverd 
door alleen de reflexsystemen in het ruggenmerg 
of door de circuits die verantwoordelijk zijn voor 
loopbewegingen. In primaten -  inclusief de mens
-  is een gespecialiseerd systeem voor hand- en 
armbewegingen geëvolueerd (Sherrington, 1906). 
In vergelijking met lagere zoogdieren wordt het 
motorisch systeem van primaten gedomineerd 
door de hersenschors. Naast een evolutionair ou­
dere indirecte route via de basale ganglia, kleine 
hersenen en hersenstam, kan de motorische her­
senschors van primaten de motorneuronen in het 
ruggenmerg direct aanspreken via de corticospi- 
nale baan (zie Kader A).
Zogenaamde corticomotorneuronen zorgen 
voor een monosynaptische verbinding van de mo­
torische hersenschors naar de motorische cellen 
in het ruggenmerg. Hierdoor liggen de motor­
neuronen in het ruggenmerg slechts één synaps 
van de circuits in de hersenschors af. Dit maakt 
de gespecialiseerde systemen voor hand- en arm-
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Kader A: Het corticospinale systeem van de mens
Centrale sulcus
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Het corticospinale systeem van de mens bestaat uit de motorische gebieden van hersenschors, het 
ruggenmerg en de spieren. In tegenstelling tot de evolutionair oudere motorische systemen die via 
tussenverbindingen in de hersenstam naar het ruggenmerg projecteren, projecteert het corticospinale 
systeem direct naar het ruggenmerg. Dit geeft de hersenschors een directe controle over de alfa 
motorneuronen welke de spieren activeren. In de hersenstam kruisen de corticospinale axonen van de 
ene zijde van het brein naar de andere zijde, waarna ze verder afdalen in het contralaterale ruggenmerg. 
Daarom is de linker motorische hersenschors betrokken bij bewegingen van de rechter lichaamshelft en 
vice versa. Een belangrijke bron van afdalende corticospinale banen is de primaire motorische hersenschors. 
De primaire motorische schors is een strook in de precentrale gyrus, net voor de centrale sulcus.
«
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bewegingen eenvoudig toegankelijk voor visuele 
en sensorische systemen in de hersenschors, wat 
vermoedelijk de integratie tussen sensorische en 
motorische systemen bevordert.
Motorische gebieden van het menselijk brein
De output circuits van het menselijk brein kunnen 
worden onderverdeeld in één primair motorisch 
gebied en verschillende premotorische gebieden. 
Ieder van deze gebieden heeft zeer veel ver­
bindingen met diverse andere hersengebieden 
(Dum & Strick, 1996; Dum & Strick, 2005; zie 
ook Kader A). De premotorische hersenschors
ontvangt informatie van de parietale en prefron­
tale hersenkwab, de kleine hersenen en de basale 
ganglia. Naast premotorische input ontvangt de 
primaire motorische hersenschors input van de 
parietale hersenschors, de basale ganglia en de 
kleine hersenen. Alle premotorische hersen- 
gebieden projecteren direct naar de primaire 
motorische hersenschors en naar het ruggenmerg. 
De primaire motorische hersenschors projecteert 
direct naar het ruggenmerg. Traditioneel ging 
men ervan uit dat de rol van de primaire moto­
rische hersenschors in hogere orde motorische 
processen beperkt was. Zulke processen werden
Kader B: Het meten van elektrische signalen van het motorische systeem
Actieve zenuwcellen (neuronen) en actieve spiervezels genereren elektrische velden. Deze elektrische 
velden die worden gegenereerd door enkele zenuwcellen of spiervezels zijn erg klein, maar de elektrische 
potentialen die ontstaan door gelijktijdig actieve neuronale populaties of spierbundels zijn groot 
genoeg om te kunnen worden gemeten aan de buitenkant van het menselijk lichaam, namelijk op het 
huidoppervlak.
Neuronaal of musculair weefsel
Het elektrische signaal van neuronale populaties in de hersenen dat wordt gemeten op de hoofdhuid 
wordt het elektro-encefalogram (EEG) genoemd. De potentiaalverschillen die gemeten worden met EEG 
zijn normaliter rond de 10-100 |j V. Het elektrische signaal van de spieren wordt het elektromyogram (EMG) 
genoemd en deze potentiaalverschillen liggen meestal tussen de 50 |j V en 20 mV. EEG en EMG verschaffen 
een continue weergave van de elektrofysiologische activiteit en hebben dus een temporele resolutie die 
slechts wordt beperkt door de technische apparatuur. De elektrische activiteit wordt echter opgevangen 
op afstand, omdat huid en ander weefsel de elektroden scheidt van de bron van het signaal. Hierdoor is 
de spatiële resolutie van deze technieken beperkt. Niettemin kan met EEG en EMG belangrijke informatie 
worden verkregen over cognitieve, neuromusculaire en zenuwstelselfuncties en worden deze technieken 
zeer veel gebruikt voor zowel klinisch als fundamenteel onderzoek.
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Kader C: Het activeren van het brein met transcraniële magnetische stimulatie
Magnetisch veld
TMS spoel
Elektrische stroom  
Schedel
Hoewel elk hersengebied dat direct onder de 
schedel ligt kan worden beïnvloed met TMS, leidt 
alleen stimulatie van de motorische hersenschors 
to t een direct zichtbare respons, namelijk in de 
vorm van korte spiersamentrekkingen. Wanneer 
TMS boven de motorische hersenschors wordt
Transcraniële magnetische stimulatie 
(TMS) is een neurofysiologische techniek 
die is gebaseerd op de wetten van de 
elektromagnetische inductie. Bij TMS wordt 
een pulserende stroom door een geleidende 
spoel gestuurd die boven het hoofd van een 
proefpersoon wordt gehouden. Wanneer de 
stroom door de spoel loopt genereert dit 
een magnetisch veld dat de hoofdhuid en de 
schedel van de proefpersoon passeert. Door 
de snelle verandering in het magnetische 
veld wordt een stroom opgewekt in het 
brein van de proefpersoon, wat delen van 
zenuwcellen activeert. Zulke neuronale 
activatie kan de hersenactiviteit verstoren 
waardoor een zogenaamde "virtuele laesie” 
ontstaat.
MEP
A
TMS ! _
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toegepast worden de corticospinale neuronen geactiveerd, direct o f indirect via corticale interneuronen. 
Dit kan een gelijktijdige ontladen van spinale alfa motorneuronen veroorzaken met een spiercontractie 
als gevolg. Zo'n spiercontractie wordt een "motor-evoked potential” (MEP) genoemd wanneer deze 
elektromyografisch wordt gemeten (zie Kader B). De amplitude van de MEP verschaft belangrijke 
informatie over de staat van het motorische systeem en is inmiddels een standaard maat in onderzoek naar 
bewegingsaansturing.
verondersteld plaats te vinden in de premotorische 
gebieden waarbij de primaire motorisch schors 
slechts de opdrachten uitvoerde die het ontving 
van “hogere” gebieden. Tegenwoordig wordt de 
primaire motorische schors echter gezien als een 
gebied dat een belangrijke rol speelt in complexe 
motorische processen zoals voorbereiden, leren 
en simuleren van bewegingen (Jeannerod, 2005).
Niet-invasief onderzoek van het 
menselijk motorische systeem
Hoewel het vrijwel onmogelijk is om neuronale 
activiteit van het menselijk motorische systeem 
direct te meten, kan met elektrofysiologische 
technieken zoals elektromyografie en elektro- 
encephalografie (EMG en EEG, Kader B) relatief 
eenvoudig grootschalige neuronale activiteit in­
direct en niet-invasief worden gemeten. In 1985
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introduceerde professor Anthony Barker met 
zijn collega’s van de Universiteit van Sheffield de 
techniek van transcraniële magnetische stimula­
tie (TMS, zie Kader C; Barker et al., 1985). TMS 
maakt het mogelijk om op een veilige en pijnloze 
manier specifieke plekken van het menselijk brein 
te stimuleren  -  dit in tegenstelling tot meettech­
nieken zoals EMG en EEG. In TMS onderzoek 
staat het begrip “prikkelbaarheid” voor de grootte 
van de respons van het gestimuleerde neuronale 
netwerk op een TMS puls van een bepaalde inten­
siteit (Caramia et al., 1989; Rothwell et al., 1991). 
Wanneer TMS wordt toegepast boven de primaire 
motorische hersenschors dan activeert het via de 
corticospinale baan de alfa motorneuronen in het 
ruggenmerg, wat leidt tot een onvrijwillige con­
tractie van de spieren aan de andere kant van het 
lichaam. De prikkelbaarheid van het corticospi- 
nale systeem kan daarom worden bepaald door de 
grootte van de spierrespons op TMS. TMS studies 
hebben een groot inzicht verschaft in de manier 
waarop vrijwillige bewegingen tot stand worden 
gebracht in zowel het gezonde als het aangedane 
brein (Petersen et al., 2003; Reis et al., 2008).
Storingen van motorische aansturing
De corticale dominantie bij de aansturing van 
vrijwillige bewegingen heeft ook zijn nadelen. 
Een beroerte heeft bijvoorbeeld vaak ernstige ge­
volgen voor de bewegingscapaciteit. Onderzoek 
naar motorische aansturing is daarom niet alleen 
belangrijk voor het verkrijgen van fundamentele 
kennis, maar het kan ook leiden tot de ontwikke­
ling van behandelingen voor patiënten die lijden 
aan motorische stoornissen die veroorzaakt wor­
den door trauma, beroertes, of progressieve 
ziekten zoals amyotrofe lateraal sclerose en de 
ziekte van Parkinson. Fundamenteel onderzoek 
naar bewegingsaansturing heeft al geleid tot be­
langrijke inzichten in hoe aspecten van vrijwillige 
bewegingen worden gecodeerd door het brein. Dit 
soort kennis heeft bijvoorbeeld bijgedragen aan de 
ontwikkeling van zogenaamde “brain-computer 
interfaces” die verlamde patiënten in staat stellen
vrijwillige bewegingen te maken. TMS kan wor­
den gebruikt om compensatoire hersenprocessen, 
die worden ingezet door het brein om het verlies 
aan functie door progressieve neurodegeneratieve 
ziekten tegen te gaan, te identificeren en eventueel 
te versterken (Ridding & Rothwell, 2007).
Samenvatting van dit proefschrift
Dit proefschrift beschrijft een aantal studies naar 
de voorbereiding en uitvoering van relatief een­
voudige vrijwillige handbewegingen in de mens. 
De studies richtten zich hoofdzakelijk op de neu­
rofysiologische veranderingen die plaatsvinden 
in het corticospinale systeem kort voor of tij­
dens de uitvoering van zulke bewegingen. In de 
experimenten werd gebruik gemaakt van TMS 
boven de motorische hersenschors in taken die 
ofwel de voorbereiding ofwel de uitvoering van 
de bewegingen benadrukte. Door TMS te com­
bineren met elektrofysiologische meettechnieken 
(EMG en EEG) werd onderzocht in welke mate 
de bewegingstaken de prikkelbaarheid, de inter­
acties en de output van het corticospinale systeem 
beïnvloedde.
Overlap van onderarmspieren en 
hun corticale representaties
Representaties van verschillende ledematen of 
spieren in de primaire motorische hersenschors 
van de mens overlappen in grote mate. Ook de 
spieren zelf worden meestal omringd door ver­
schillende naastgelegen spieren die elkaar ook 
nog vaak overlappen. Dit bemoeilijkt de bepa­
ling van prikkelbaarheid in individuele spieren 
met TMS, zelfs wanneer zogenaamde “focale” 
stimulatiespoelen worden gebruikt. Hoofdstuk
2 introduceert een nieuw paradigma dat is ge­
baseerd op oppervlakte EMG met een hoge 
dichtheid aan elektroden (high-density surface 
EMG) om de spatiële selectiviteit van TMS in de 
onderarmspieren te onderzoeken (Figuur 2.1). Dit 
hoofdstuk onderzocht ook de hypothese dat selec­
tieve stimulatie kan worden verbeterd door een 
vrijwillige achtergrondcontractie van de doelspier.
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Er werd een vergelijking gemaakt tussen de to- 
pografieën van amplitudes van motorpotentialen 
(MEP’s) tijdens rust en van MEP’s tijdens achter- 
grondcontracties van twee onderarmspieren (m. 
extensor carpi radialis en m. extensor digitorum 
communis). Deze MEP topografieën werden te­
vens vergeleken met de amplitude topografieën 
van vrijwillige spieractiviteit. De resultaten laten 
zien dat in veel situaties een groot deel van de MEP 
activiteit die wordt gemeten aan de oppervlakte 
afkomstig is van spieren die rondom de doelspier 
liggen (Figuur 2.2). Er was een systematische ver­
band tussen TMS intensiteit en de topografische 
verdeling van de MEP respons tijdens vrijwillige 
contractie (Figuur 2.4). Bij toenemende stimu­
latie intensiteit week de MEP topografie steeds 
meer af van de topografie van het vrijwillige EMG. 
Dit betekent dat wanneer standaard EMG wordt 
gebruikt de gemeten MEP’s niet noodzakelijk 
afkomstig zijn van de doelspier alleen. Het stimu­
leren tijdens een vrijwillige achtergrondcontractie 
vergroot mogelijk de selectiviteit van TMS. Het 
blijft echter cruciaal om zo laag mogelijke stimu­
latie intensiteiten te gebruiken om de bijdrage 
aan de MEP van spieren rondom de doelspier te 
minimaliseren.
De bevindingen in hoofdstuk 2 werden ge­
bruikt in het ontwerp van de overige studies in 
dit proefschrift, met name de hoofdstukken 3 en 
5. Hoewel in enkele belangrijke eerdere studies 
onderarmspieren werden gemeten, werd besloten 
om bewegingstaken te gebruiken waarbij voorna­
melijk intrinsieke handspieren nodig zijn. Veel 
intrinsieke handspieren zijn anatomisch en func­
tioneel relatief geïsoleerd waardoor het mogelijk is 
om MEP’s te meten van dezelfde spier als de spier 
die de bewegingen maakt. Het meten van prik­
kelbaarheid in individuele spieren zou onmogelijk 
of zeer moeilijk zijn geweest in de sterk overlap­
pende onderarmmusculatuur.
Corticospinale prikkelbaarheid tijdens de 
voorbereiding van vrijwillige bewegingen
Geanticipeerde bewegingen
Gedragstudies naar motorvoorbereiding hebben 
laten zien dat de anticipatie van een responssig- 
naal de reactietijd verkort. Neurofysiologische data 
suggereren dat in dit soort experimenten niet al­
leen de reactietijd maar ook de neuronale activiteit 
in de betrokken motorstructuren verandert door 
anticipatie van een gedragsrelevante gebeurtenis. 
De experimenten in hoofdstuk 3 onderzochten of 
de prikkelbaarheid van de corticospinale struc­
turen die nodig zijn voor een geplande beweging 
wordt beïnvloed door de anticipatie van een res- 
ponssignaal (Figuur 3.1). Om dit te onderzoeken 
werd enkel- en dubbel-puls TMS boven de pri­
maire motorische hersenschors gecombineerd 
met een simpele reactietijd taak met variabele 
voorbereidingsintervallen (Figuur 3.2). In over­
eenstemming met de psychologische literatuur, 
nam de reactietijd af met toenemende anticipatie 
van het responssignaal (Figuren 3.4 en 3.6). De 
TMS resultaten laten een modulatie van cortico- 
spinale prikkelbaarheid zien die overeenkomt met 
de anticipatie van het responssignaal (Figuur 3.5). 
Naast een toegenomen prikkelbaarheid gedu­
rende het verloop van het voorbereidingsinterval 
nam de corticospinale prikkelbaarheid kortdu­
rend toe op ieder moment dat een responssignaal 
verwacht werd. Het dubbel-puls TMS experiment 
laat zien dat dit effect waarschijnlijk niet werd ver­
oorzaakt door veranderingen in prikkelbaarheid 
van inhiberende of faciliterende circuits binnen 
de primaire motorisch hersenschors (Figuur 3.8). 
Mogelijk wordt corticospinale prikkelbaarheid 
gemoduleerd met responsanticipatie door veran­
deringen in corticospinale synchronisatie of door 
prikkelbaarheidsveranderingen in spinale circuits.
Gerichte bewegingen
Veel aspecten van een beweging kunnen wor­
den gepland lang voordat een beweging wordt 
gemaakt. Deze bewegingsvoorbereiding verkort
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de reactietijd en dit wordt waarschijnlijk veroor­
zaakt door voorbereidende activiteit in neuronale 
outputsystemen. Voorbereiding van de richting 
van een toekomstige beweging heeft een bijzon­
der sterke invloed op zowel de reactietijd als op 
de neuronale activiteit in de motorische hersen­
schors van primaten. Hoofdstuk 4 had als doel om 
neurofysiologische evidentie voor de voorberei­
ding van bewegingsrichting te vinden bij mensen. 
In dit hoofdstuk werd enkel-puls TMS gebruikt 
om geïsoleerde duimbewegingen op te wekken. 
De richting van deze met TMS opgewekte duim- 
bewegingen kan experimenteel worden beïnvloed, 
bijvoorbeeld door training of door uitvoering van 
bewegingstaken. Zestien gezonde proefperso­
nen kregen de opdracht om snelle concentrische 
duimbewegingen te maken in een reactietijd taak 
waarin de bewegingsrichting vooraf werd geïn­
strueerd (Figuur 4.1). Er werd onderzocht of de 
voorbereiding van de duimbewegingen leidde 
tot veranderingen in de richting van de met TMS 
opgewekte duimbewegingen of tot veranderingen 
in de MEP amplitudes. Wanneer de richting van 
de te maken bewegingen vroeg in het voorberei- 
dingsinterval werd gepresenteerd reageerden de 
proefpersonen 50 milliseconden sneller dan wan­
neer de richting laat werd gepresenteerd (Figuur 
4.6). De richting van de met TMS opgewekte be­
wegingen werd steeds variabeler naarmate de tijd 
verstreek. De richting van de met TMS opgewekte 
bewegingen vertoonden echter geen overeenkomst 
met de bewegingsrichting die was geïnstrueerd 
(Figuur 4.8). De MEP’s van de duimspier waren 
afhankelijk van de richting die het instructiesig- 
naal aangaf, maar alleen in de late fase van het 
voorbereidingsinterval. MEP’s van de wijsvin- 
gerspier waren niet afhankelijk van de richting 
van het instructiesignaal maar namen wel steeds 
verder af in amplitude (Figuur 4.9). De resultaten 
van dit hoofdstuk laten zien dat de bewegings- 
representaties in het corticospinale systeem van 
de mens progressieve veranderingen ondergaan 
wanneer een beweging wordt voorbereid. Deze 
veranderingen gaan samen met inhibitie van de
corticospinale prikkelbaarheid die spier-specifiek 
is en afhankelijk van de bewegingsrichting die 
wordt voorbereid. Deze inhibitie is mogelijk een 
indicatie van een “corticospinale rem” welke er­
voor zorgt dat voorbereidende activiteit niet tot 
voortijdige beweging leidt.
Balans tussen corticospinale excitatie en inhibitie 
ln de reactietaken die werden gebruikt in de 
hoofdstukken 3 en 4 moesten de proefpersonen 
zo snel mogelijk reageren op een naderend res­
pons signaal. Tegelijkertijd vereiste deze taken dat 
alle handbewegingen werden onderdrukt zolang 
dit responssignaal nog niet was gegeven. Dus, 
enerzijds was het gunstig voor de proefpersonen 
om de bereidheid tot reageren te optimaliseren 
door bepaalde aspecten van de aankomende 
beweging voor te bereiden voordat het respons 
signaal verscheen. Anderzijds moest elke voor­
tijdige neiging tot bewegen worden onderdrukt, 
althans het mocht niet leiden tot spieractiviteit. 
De MEP’s die werden gemeten tijdens deze taken 
laten zien dat deze beide aspecten de corticospi- 
nale prikkelbaarheid kunnen beïnvloeden. Ten 
eerste, het optreden of slechts het verwachten van 
een responssignaal kan leiden tot een toename in 
de prikkelbaarheid van de corticospinale projec­
ties. Deze toename lijkt zich te beperken tot de 
spieren die nodig zijn voor de te maken beweging. 
Ten tweede, de corticale bewegingsrepresentatie 
ondergaat progressieve veranderingen tijdens de 
voorbereidingsperiode. Gelijktijdig wordt de prik­
kelbaarheid van bepaalde corticospinale projecties 
onderdrukt. Dus, het lijkt alsof bereidheid om te 
reageren afhangt van een zorgvuldige afstem­
ming tussen corticospinale excitatie en inhibitie. 
Het optreden, of slechts het verwachten, van een 
responssignaal zorgt voor een dynamische veran­
dering in de prikkelbaarheid van de corticospinale 
representatie van de effectoren, wat een snelle re­
actie mogelijk maakt. Remmende mechanismen 
neutraliseren deze excitatoire effecten zodat voor­
tijdige bewegingen worden voorkomen.
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Corticospinale interacties tijdens de 
uitvoering van vrijwillige bewegingen
De hoofstukken die tot nu toe zijn beschreven 
rapporteren hoe prikkelbaarheid van het corti­
cospinale systeem verandert met veranderende 
gedragstoestanden. Deze veranderingen vinden 
plaats op een tijdschaal van tientallen tot honder­
den milliseconden. Het was tot op heden echter 
nog niet duidelijk hoe de prikkelbaarheid van 
de motorische hersenschors en het ruggenmerg 
-  en daarmee ook de interactie tussen deze twee 
gebieden -  zich zo snel kan aanpassen, terwijl 
anatomische verbindingen op deze tijdschaal niet 
veranderen. In hoofdstuk 5 is onderzocht hoe 
corticospinale interacties op een mechanistische 
wijze afhangen van ritmische neuronale activiteit.
Ritmische "gain" veranderingen door 
ritmische neuronale synchronisatie 
Interacties tussen geactiveerde neuronale groe­
pen leiden vaak tot ritmische synchronisatie 
tussen deze groepen. Van zulke synchronisatie 
wordt veelal verondersteld dat het belangrijk is 
voor diverse functies in het zenuwstelsel. Echter, 
synchronisatie kan alleen een functie vervullen 
wanneer het ook een invloed heeft op neuronale 
interacties. Interacties worden beïnvloed wanneer 
de “gain” (i.e. sterkte of invloed) van input van de 
ene neuronale groep naar de andere verandert. Dit 
soort input-gain veranderingen worden mogelijk 
veroorzaakt door de ritmische activiteit van een 
neuronale groep, dus als een ritmische variatie 
in gain. Dat input-gain afhankelijk is van de fase 
van een in-vivo fysiologisch neuronaal ritme was 
echter niet eerder aangetoond. Hoofdstuk 5 laat 
zien dat, in het menselijk motorisch systeem, de 
fase van het beta-band ritme in het ruggenmerg 
de effectiviteit van synaptische input van de moto­
rische hersenschors naar het ruggenmerg bepaalt 
(Figuren 5.2 en 5.3). De respons van de motori­
sche neuronen in het ruggenmerg was het grootst 
wanneer de input arriveerde op fases in de beta- 
cyclus waarin de activiteit toenam, en vice-versa 
(Figuur 5.5). Dit effect kon niet worden verklaard
door een optelsom van ritmische activiteit en een 
constante respons maar alleen door een interactie, 
dus een multiplicatief verband tussen fase en gain. 
De fase en de precisie van ritmische synchronisa­
tie tussen neuronale input en hun doel bepalen 
op deze manier dus de input-gain over meerdere 
cycli van een ritme. Hiermee kunnen neuronale 
interacties dus worden gemoduleerd op een ge- 
dragsrelevante tijdschaal. Zulke gain-modulatie 
is een zeer belangrijk computationeel principe in 
het centrale zenuwstelsel.
Conclusie
De resultaten in dit proefschrift verschaffen 
nieuwe inzichten in the neurofysiologie van vrij­
willige handbewegingen van de mens. Neuronale 
prikkelbaarheid in de menselijke motorische her­
senschors en ruggenmerg zijn afhankelijk van 
de gedragstoestand en kunnen op een zeer korte 
tijdschaal worden aangepast. Prikkelbaarheid van 
de bewegingsagonisten is verhoogd tijdens de fei­
telijke uitvoering van een beweging, maar kan ook 
worden veranderd tijdens de voorbereiding van 
een beweging. Bijvoorbeeld wanneer verwacht 
wordt dat een beweging moet worden gemaakt. 
Het remmen van de prikkelbaarheid is niet alleen 
belangrijk om spieren die niet nodig zijn voor een 
beweging te onderdrukken, het is ook belangrijk 
voor het voorkomen van voortijdige bewegingen, 
wat een cruciaal aspect is van veel voorberei- 
dingstaken. Tot slot wordt in dit proefschrift een 
fundamenteel mechanisme naar voren gebracht 
waarmee neuronale prikkelbaarheid dynamisch 
en op korte tijdschaal kan worden gemoduleerd, 
namelijk neuronale synchronisatie.
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